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Figure 6.3  Electron micrographs  of  KFFEAAAKKFFE  at  time  0  (a)  and 
after 7 days agitation (b) at 5, 10 and 20 mg/ml 
146 
Figure 6.4  A phase diagram of protein  crystallisation  relating protein 
and precipitate concentration 
148 
Figure 6.5  KFFEAAAKKFFE  in  water  (i)  and  PBS  (ii).  Electron 
micrographs at time 0 (a‐scale bar 200 nm) and 7 days (b – 












Sample  set‐up  for  determining 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 alignment  of 








Figure 6.9  Electron micrographs  of  Ac‐KFFEAAAKKFFE‐NH2  at  time  0 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and after 7 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at 5, 10 and 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Figure 6.11  Ac‐KFFEAAAKKFFE‐NH2  in  water  (i)  and  10  mM  PBS  (ii). 













































       
 
vii 










































































































Table 5.3  Comparison  of  reflection  positions  for  fibre  diffraction 
patterns  calculated 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 1yjp.pdb 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 patterns 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 fibres, 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 and  a  mixture  of 
both. 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 cells  for  crystals 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 from 
experimental fibre diffraction data. 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one  of  the  most  widely  investigated  yet  enigmatic  events  to  take  place  in  the  natural 
world.  An  ever‐increasing  number  of  proteins  and  peptides  are  known  to  fold,  or 
“misfold”,  into protease‐resistant amyloid  fibrils  that  share a  common cross‐β  structure, 
despite  having  no  apparent  sequence  homology.  Self‐assembly  of  particular  proteins  or 
peptides  into  amyloid  is  believed  to  be  the molecular  basis  of many  diseases,  including 
Alzheimer’s Disease, Type II diabetes and the transmissible spongiform encephalopathies. 
More  recent  evidence  suggests  a  functional,  non‐pathogenic  role  for  amyloid  in  certain 
organisms,  which  has  inspired  its  use  as  a  biomaterial.  In  order  to  understand  these 





into  what  triggers,  drives  and  influences  self‐assembly.  Furthermore,  they  can  provide 
more detailed  structural  information  than  is often  obtained  from  larger amyloid‐forming 
proteins. Using two short peptides (the yeast prion fragment GNNQQNY and the designed 
peptide KFFEAAAKKFFE), which form amyloid‐like microcrystals that have been structurally 
characterised previously,  the  roles of particular  residues  in assembly and  structure were 
investigated.  Results  reveal  that  aromatic  residues  are  fundamental  determinants  of 
assembly  and  may  contribute  to  polymorphic  propensity.  Furthermore,  non‐aromatic 
sequence  changes  can  have  dramatic  effects  on  fibril  morphology  both  at  a 
macromolecular  level  and  in  the  underlying  peptide  packing  arrangement.  Structural 
variations  were  found  between  amyloid‐like  fibres  and  microcrystals  formed  from  the 
same peptide, which has implications for how to examine amyloid structure in the future.  
 
The  balance  of  conditions  required  for  proteins  or  peptides  to  adopt  specific 
conformations  is  very fine. Polymorphism may be an  inherent property of amyloidogenic 
proteins and peptides and detailing the structural intricacies of each form will be essential 
from both a biomedical and industrial perspective.  








these  inclusions were composed of  carbohydrate and he coined  the  term “amyloid”, 
from the Latin amylum, meaning starch,  to describe the deposits  (Cohen, 1986). Five 
years  later,  while  examining  the  same  material,  Friedreich  and  Kekule  noted  that 






As  technology  has  improved  and  methods  have  developed,  our  understanding  of 
amyloid has moved on from these initial observations. Amyloid now more specifically 
refers to fibres formed from proteins that are said to have “misfolded” into a structure 
known as cross‐β.  It  is  these fibres that partially  constitute the deposits observed by 
Virchow and others. Amyloid fibres are found in the body in a number of diseases and 
it  was  this  apparent  pathological  association  that  originally  stimulated  interest  in 
them.  Defining  exactly  what  amyloid  is  has  been  a  subject  of  much  debate  and  as 
attention  to  it  has  expanded  outside  of  the medical  profession  its  classification  has 
become more controversial. The first criterion for determining the presence of amyloid 
in  tissue  was  its  observed  apple  green  birefringence  when  viewed  under  cross‐
polarised light after staining with the dye Congo Red (figure 1.1a) (Glenner, 1980; Sipe 
and  Cohen,  2000).  This  technique  is  still  used  on  post‐mortem  specimens  today, 
although  the  sensitivity  of  the  test  varies  greatly  (Pepys,  2006).  In  addition,  amyloid 
fibrils can be extracted from affected tissues and observed using electron microscopy 
(EM) and in some cases have shown a common underlying structure to fibrils prepared 








micrograph of synthetic  IAPP at 2 mg/ml  in PBS (courtesy of Dr.  Louise Serpell). The  left  image  in a) 
shows the tissue after initial treatment with the dye, the image on the right is the same section viewed 
under  cross‐polarised  light  and  shows  the  classic  apple  green  birefringence  characteristic  of  amyloid 
(indicated by the arrow). The scale bar in b) is 200 nm 
 
The  ability  to  bind  Congo  Red  and  the  appearance  of  fibrillar  material  under  the 
electron  microscope  were  the  first  two  criteria  used  to  confirm  the  presence  of 
amyloid in diseased tissues. However, as experiments have progressed and we see that 
amyloid can be formed not only  from proteins that can cause disease but also many 
others,  including  those  that are naturally occurring but non‐pathogenic, or designed, 
or which are small  fragments of  larger proteins,  the distinction  is  less clear. A recent 
definition of amyloid states: “to be included in the list, the protein has to be a major 
fibril  protein  in  extracellular  deposits,  which  have  the  characteristics  of  amyloid, 
including  affinity  for  Congo  Red  with  resulting  green  birefringence.  Synthetic  fibrils 




fibril  (Westermark et al.,  2007). This classification has moved on considerably  from a 
definition  in  1983  that  considered  amyloid  simply  to  be  any  “naturally  occurring 
mammalian protein polymers that exhibit a rod or fibril appearance by EM and show 
green  birefringence  after  Congo  Red  staining”  (Prusiner  et  al.,  1983).  As  time  has 




dye, Thioflavin T,  or  the co‐deposition of other molecules e.g.  amyloid P  component 
(Pepys, 2006) although these are not necessarily essential. However, one criterion that 
has  been widely  accepted  is  that  to  be  termed  amyloid  or  amyloid‐like,  fibrils must 
exhibit  a  cross‐β  structure  i.e.  with  β‐strands  formed  from  the  precursor  protein 
arranged  perpendicularly  to  the  length  of  the  fibres  (Fandrich,  2007;  Sunde  et  al., 
1997). To summarise, although no firm consensus has been reached on how to define 





with  disease.  But  interest  in  amyloid  goes  further  than  to  fulfil  the  purpose  of 
answering  medical  questions  and  finding  treatments.  The  potential  for  proteins  to 
“misfold” and self‐assemble has led to a new view of protein folding. The precise way 
in  which  proteins  achieve  their  functional  three‐dimensional  shape  is  still  unknown 
and proteins  that  can  fold  to  form amyloid as well  as  their native  state may help  to 






organisms.  These  aspects,  along  with  how  amyloid  is  implicated  in  disease,  are 
discussed below.  
 





and  described  the  flow  of  genetic  information  from  DNA  to  RNA  and  finally  to  the 
proteins that genes encode (Crick, 1970; Crick, 1958). It was known that proteins were 
produced  from  the  ribosome  as  long  polymers  of  covalently  linked  amino  acids.  In 
order to perform their  function these chains  fold up  into a three dimensional shape, 
termed  the  native  state,  via  metastable  α‐helical  or  β‐sheet  secondary  structures 
(Pauling  and  Corey,  1951).  Investigations  into  how  this  process  occurs  remain  a 
cornerstone of biological science and continue today.  
 
In  1968  Cyrus  Levinthal  noted  that  if  a  polypeptide  chain was  to  reach  its  correctly 
folded  conformation  (which  it  fundamentally  requires  to  perform  its  function)  by  a 
systematic sampling of every possible stable bond angle available it would take a time 
far  longer  than  what  is  actually  observed  for  a  protein  to  fold,  thus  formulating 
Levinthal’s  paradox  (Levinthal,  1968).  It  is  impossible  that  proteins  could  randomly 
search these possible conformations and there must be a way in which protein folding 




must  be  stable  enough  to  remain  folded  and  perform  its  function  (Levinthal,  1968). 
These  ideas  built  upon  but  also  conflicted  with  those  of  Christian  Anfinsen  whose 
previous work on bovine pancreatic ribonuclease revealed that all of  the  information 
required  for a protein  to  fold  into  its native  structure  is  contained within  the amino 
acid sequence of a polypeptide chain, and that this fold is the most thermodynamically 
stable i.e. of the lowest free energy (the thermodynamic hypothesis) (Anfinsen, 1973; 
Anfinsen  et  al.,  1954).  The  controversy  over  whether  protein  folding  is  a 
thermodynamic process and the final conformation reached is that of the lowest free 
energy, or if the native state is determined by kinetic control and reaches a local, but 
not necessarily the  lowest,  free energy minima prevails  (Govindarajan and Goldstein, 
      Chapter 1 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1998).  It  is  believed  that  protein  folding  is  driven  initially  by  hydrophobic  collapse 
followed by the formation of secondary structure elements within a polypeptide and 
finally  stabilisation  of  the  native  state  with  stronger,  covalent  bonds  (Gething  and 
Sambrook,  1992).  As  the  protein  folds  various  intermediates  form  that  are  in 
equilibrium  with  the  denatured  state  and  which  slowly  convert  to  the  native  state 
(Gething  and  Sambrook,  1992;  Ptitsyn,  1991;  Brockwell  and  Radford,  2007).  Protein 
folding  in  the  cell  is,  of  course,  much  more  complicated  and  controlled  than 
experiments carried out  in vitro and much is known about the involvement of folding 
assistants,  for example  the enzyme protein disulphide  isomerase and  the heat  shock 
protein family of chaperones (Gething and Sambrook, 1992).  
 
Attempts  to  solve  Levinthal’s  paradox  have  generated  the  idea  of  protein  folding 
funnels and  landscapes where there are multiple routes to the final  folded state and 
no unique pathway exists  (Dill and Chan, 1997; Dobson, 2003; Hartl and Hayer‐Hartl, 
2009).  It  is clear that all of the  information required for a protein to fold correctly  is 
contained within the polypeptide backbone;  if a protein  is denatured  it will generally 
adopt  the  same original  conformation  after  refolding  (Honig,  1999;  Levinthal,  1968). 






demonstrates  how  amino  acid  sequences  do  not  necessarily  determine  a  unique 
structure  and  can  deviate  from  their  classical  folding  pathway  to  adopt  alternative 
conformations.  Indeed,  it has been proposed  that any protein  is  able  to misfold  into 
amyloid, given the appropriate conditions (Dobson, 2003).  





(ER) where  they  ideally  fold  into  their native  state.  Incorrectly  folded proteins are  identified,  targeted 






interactions  and  π‐π  stacking,  although  the  resulting  structures  indicate  that  the 
pathways are distinct and those side chains that drive folding into the native state are 
probably  different  to  those  contributing  to  amyloid  formation.  For  example,  in  a 
similar manner to native folding, protein misfolding and aggregation is partly driven by 
hydrophobic  interactions  (Hartl  and  Hayer‐Hartl,  2009).  However,  unlike  the  native 
state  in which  hydrophobic  regions  are  buried,  in misfolded  proteins  they  are  often 
exposed and this leads to aggregation of molecules, which may be amorphous or, as in 
the  case  of  amyloid,  ordered  (Hartl  and  Hayer‐Hartl,  2009).  It  is  believed  that 
amorphous  aggregation  and  fibril  formation  in  some  cases  compete  (Zurdo  et  al., 
2001). Proteins that have misfolded into amyloid are thought to be kinetically trapped 
intermediates  (Lansbury, 1992).  Figure  1.3  shows a protein‐folding  funnel, or energy 









state  intermediates  can  eventually  form misfolded  states.  The  distinction  between  the  right  and  left 




proteins,  for  example  the  dissolution  of  Aβ  was  shown  only  to  occur  with  strong 
chaotropic agents or organic solvents e.g. phenol (Masters et al., 1985). Furthermore, 
a  common  characteristic  of  amyloid  fibres  is  that  they  are  resistant  to  proteases 
(Andersen et al., 2010; Dickson, 2002; Hartley et al., 2008; Hill et al., 1999; Soderberg 
et  al.,  2005).  These  observations  have  led  to  the  suggestion  that  amyloid  fibres 
represent the lowest possible energy conformation that a protein can adopt (Chiti and 
Dobson,  2006;  Yang  et  al.,  1999) which  is  alluded  to  in  the  diagram, where  amyloid 
fibres  are  located  at  the  lowest  energy minima  (Hartl  and  Hayer‐Hartl,  2009).    Also 
highlighted  on  figure  1.3  are  oligomeric  species  that  can  be  considered  misfolding 
      Chapter 1 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dictated by amino acid  sequence.  The development of  protein  folding  landscapes  to 
include misfolded proteins, like the one shown in figure 1.3 have aided understanding 
in  how  proteins  may  misfold  on  a  thermodynamic  and  kinetic  basis.  Other  in  vitro 
experiments  have  explored  factors  that  may  contribute  to  misfolding,  such  as 
mechanisms  whereby  local  unfolded  or  partially  unfolded  protein  concentration  is 
increased  which  favours  aggregation  (Jahn  and  Radford,  2005;  Stefani,  2008). 
However, the situation  in the cell  is far more complex and mechanisms have evolved 
to  keep  aggregation‐prone  partially  folded  states  to  a minimum  (Jahn  and  Radford, 












around  23  proteins  and  peptides  are  known  to  misfold  and  cause  disease  (Pepys, 
2006). This  is perhaps not  surprising  since  the cell has evolved  to protect  itself  from 
toxicity.  However,  there  are  instances  where  the  machinery  of  the  cell  falters  and 








deposited  extracellularly  (Westermark  et  al.,  2005).  Intracellularly  deposited  fibrils, 
even  if  they  can  fit  the  other  defining  criteria,  are  termed  “intracellular  inclusions” 
from a medical standpoint (Westermark et al., 2005). For example, the polyglutamine 
expansion  diseases  show  fibrillar  aggregates  deposited  intracellularly  and  are 
therefore not classified as an amyloid disease (at least from a clinical perspective – the 
aggregates  can  be  called  amyloid  as  they  conform  to  the  necessary  criteria  –  see 
section 1.1) (Pepys, 2006). Amyloidosis is a specific term used to describe any disorder 
that is caused by the extracellular deposition of  insoluble amyloid fibrils formed from 
misfolded,  self‐assembled  proteins  (Pepys,  2006).  This  distinguishes  the  amyloidoses 
from  other  diseases  where  amyloid  may  be  present  but  its  causal  effects  are  not 
absolutely  confirmed.  For  example  many  neurodegenerative  diseases  such  as 
Alzheimer’s  disease  are  associated  with  extracellular  amyloid  deposition,  although 
intracellular  inclusions  composed  of  paired  helical  filaments  of  hyperphosphorylated 





































































*Spinocerebellar ataxia 17  TATA  box  binding  protein  with  polyQ 
expansion (339) 
α  and  β  (159‐339),  rest 
unknown 
*Spinal  and  bulbar  muscular 
atrophy 

















Table  1.1.  Some  diseases  associated with  either  the  extra‐  or  intracellular  deposition  of  misfolded 
protein  (Belorgey  et  al.,  2007;  Chiti  and  Dobson,  2006;  Pepys,  2006;  Sipe  and  Cohen,  2000).  The 
number  in  brackets  refers  to  the  number  of  residues  in  the  protein  that  forms  and  deposits  as 
aggregates;  these  are  often  cleaved  from  larger  precursor  proteins.  Diseases may  be  predominantly 




The  previous  section  discussed  the  pathways  by  which  proteins  may  misfold  into 
amyloid  from  an  unfolded  protein  (figure  1.3).  Table  1.1  lists  the  native  state 
structures  of  the  disease  associated  proteins  and  peptides,  and,  while  some  are 
natively unfolded (and many of which have no known function e.g. Aβ, the Alzheimer’s 
associated peptide) there are others that do adopt a functional native state (Chiti and 




structures of native proteins may be perturbed  to expose  regions  that  can assemble 
into amyloid is discussed later.  
 
Table  1.1  separates misfolding  diseases  into  three  categories:  systemic  amyloidoses 
and localised amyloid diseases which are both non‐neuropathic and do not affect the 
nervous  system,  and  neurodegenerative  diseases.  In  the  systemic  diseases,  amyloid 
deposition can occur throughout the body (except the brain) and in some cases huge 
deposits  (up  to  kilogram quantities)  of  amyloid  can  be  seen  in  organs, which would 
clearly  place  a  strain  on  the  tissue  involved  (Dobson,  2003;  Pepys,  2006;  Tan  and 
Pepys, 1994). Diseases may also be localised to a particular region, for example type II 
diabetes  is  associated  with  amyloid  deposition  in  the  pancreas.  In  these  examples 
tissue  disruption  is  caused  by  deposition  of  amyloid  fibrils  (Pepys,  2006).  In  the 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neurodegenerative  diseases  however,  misfolded  proteins  are  believed  to  cause 
damage  through  a  “toxic  gain  of  function”  rather  than  from  disruption  of  tissue 
structure and function from deposition (Pepys et al., 2002). A detailed picture of how 
aggregation is toxic to cells in neurodegenerative diseases is still to be established but 
over  recent  years  it  has  become  generally  accepted  that  it  is  not  fibrils  that  are 
responsible  for  this  category  of  diseases  but  smaller  intermediates,  termed  “toxic 
oligomers”,  which  have  become  the  primary  therapeutic  target  (Caughey  and 
Lansbury,  2003;  Hardy  and  Selkoe,  2002;  Irvine  et  al.,  2008;  Walsh  et  al.,  2002) 
(although  other  work  has  suggested  that  fibrils  themselves  can  exhibit  toxicity 
(Deshpande et al., 2006; Loo et al., 1993)). There are various permutations on the term 
“toxic  oligomer”  including  spherical  oligomers,  micelles,  amyloid  derived  diffusible 
ligands (ADDLs) and prefibrillar aggregates  (Glabe and Kayed, 2006). They all  refer to 
intermediates on the amyloid‐folding pathway that can be observed by TEM or AFM to 
be  soluble  spherical  species  approximately  3‐10  nm  in width  (Anguiano  et  al.,  2002; 
Harper et al., 1997a; Lashuel et al.,  2002). At  later stages of aggregation more  linear 
species  are  observed,  called  protofibrils,  thought  to  be  composed  of  associated 
oligomers (Harper et al., 1997b).  These various intermediates have been observed for 
a  range  of  proteins  that  eventually  go  on  to  form  amyloid  and,  like  their  fibrillar 
counterparts  that  all  have  a  cross‐β  arrangement,  share  common  structural 
characteristics,  suggesting  a  possible  common  mechanism  of  toxicity  (Glabe  and 
Kayed, 2006; Kayed et al., 2003; Kayed et al., 2004). Evidence for toxicity of the early‐
stage species has come from various studies. For example, protofibrillar species of α‐
synuclein have been  implicated  in membrane permeabilisation and toxicity  (Volles et 
al., 2001).  In another study, ADDLs and protofibrils  formed by synthetic Aβ disrupted 
neuronal cell cultures  (Hartley et al., 1999; Lambert et al., 1998). Furthermore, these 
small  species  can  cause  neurological  impairment  in  mice  before  the  formation  of 
amyloid  fibres  (Hsia  et  al.,  1999).  It  has  been  proposed  that  amyloid  oligomers may 
exert their toxic effects primarily by membrane permeabilisation, possibly by forming a 
pore  in  the membrane  (the  “channel  hypothesis”  (Kagan  et  al.,  2004;  Lashuel  et  al., 
2002)),  and  toxicity  has  shown  to  be  linked with  an  increase  in  intracellular  calcium 
concentration  (Mattson,  1994).  Although  it  is  not  entirely  agreed  on  how oligomers 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perturb  membranes  it  is  accepted  that  this  disruption  triggers  a  cascade  of 
downstream  events  that  are  responsible  for  pathogenesis  such  as  calcium 
dyshomeostasis  and  production  of  reactive  oxygen  species,  alteration  to  signalling 
pathways  and  mitochondrial  dysfunction  via  direct  mitochondrial  membrane 
permeabilisation  (Glabe,  2006).  It  has  been  postulated  that  the  large  deposits  of 










Alzheimer’s  disease  (AD)  is  increasingly  prevalent  among  the  world’s  population 
accounting  for  over  50%  of  the  estimated  30  million  cases  of  dementia  worldwide 
(www.alzheimers.org.uk).  Alois  Alzheimer  first  identified  AD  in  1906  after  post‐
mortem examination of brain tissue from a patient that had suffered from an unknown 
mental  illness  (Alzheimer,  1904).  He  noticed  that  the  brain  had  an  abnormal 
appearance (figure 1.4) and contained clumps of material which we now know to be 
amyloid  plaques,  along  with  bundles  of  tangled  fibres  (neurofibrillary  tangles), 
composed of the protein tau (Alzheimer, 1904; Goedert et al., 2006). 








in  parts  of  the  brain  that  ultimately  lead  to  dementia  (Selkoe,  2000).  It  is  generally 
accepted  that  the  cause  of  AD  is  due  to  the  accumulation  of  the  peptide Aβ  in  the 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Aβ  is  universally  encoded  for  by  the β  amyloid  precursor  protein  (APP)  gene  (Hardy 
and  Selkoe,  2002).  This  gene  is  located  on  chromosome  21;  the  observation  that 
Downs  syndrome,  caused  by  a  third  copy  of  chromosome  21,  leads  to  AD  provided 
more  evidence  that  Aβ  is  responsible  for  AD  (Olson  and  Shaw,  1969;  Selkoe,  2000). 












Aβ  is  produced  normally  in  all  individuals  when  the  transmembrane  protein  APP  is 
cleaved at different sites by secretases to produce a 38, 40 or 42  residue proteolytic 
fragment, of which the 40 and 42 residue forms are associated with AD (Aβ1‐40 or Aβ1‐
42  respectively)  (Klein et al.,  2001; Roher et al.,  2000; Selkoe, 1994; Selkoe, 2001).  In 
most  individuals  the  production  of  Aβ1‐40  is much  higher  than  Aβ1‐42;  the  latter  has 
shown  to  be  much  more  fibrillogenic  (Jarrett  et  al.,  1993b).  Early‐onset  hereditary 
forms  of  the  disease  present  due  to  specific mutations  but most  cases  are  sporadic 
with onset of  symptoms correlating with  increasing age  (Chiti  and Dobson, 2006).  In 












all  (Hardy  and  Selkoe,  2002).  However,  the  increasing  evidence  that  points  towards 




A  comprehensive  understanding  of  the  causes  of  AD  is  yet  to  be  obtained  and  is 
essential  for more  accurate  and  early  stage  diagnoses  and  therapeutic  intervention. 
Most treatments at present are palliative and only work to alleviate symptoms induced 
by  destroyed  neurons,  although  some  newer  treatments  work  on  a  different  basis, 
such  as  regulating  cholesterol  metabolism  or  preserving  the  function  of  neuronal 
mitochondria  (Tillement  et  al.,  2010).  However,  despite  gaps  in  the  knowledge,  the 
amyloid  hypothesis  has  been  used  to  develop  drugs  that  specifically  target  Aβ 
pathways,  primarily  the  removal  or  inhibition  of  oligomerisation.  The  relationship 
between over‐production of Aβ and onset of AD suggests that higher concentrations 
promote assembly, so some strategies have been directed towards reducing monomer 




development  of  antibodies  to  bind  to  and  prevent  the  toxic  effects  of  Aβ  oligomers 
(Dodart et al., 2002; Schenk et al., 2005). So far, several of these drugs have come to 
clinical trials but most have been discontinued due to various side effects.  




Prions  (proteinaceous  infectious  agents)  are  the  cause  of  the  fatal  transmissible 
spongiform encephalopathies (TSE’s), referred to in table 1.1, and their unusual ability 
to  cause  infection  despite  containing  no  genetic  material,  along  with  their  link  to 
amyloid,  deserves  them  further  explanation  (Griffith,  1967;  Prusiner,  1998).  Prions 
have been identified in mammals, yeast and in the fungus Podospora anserina and are 




change  in  conformation  that  leads  to  the  formation  of  amyloid  fibrils  (figure  1.3) 
(Lipfert  et  al.,  2005).  Crucially  however,  unlike  amyloid  that  forms  in  the  diseases 
mentioned  in  the  previous  section,  prions  are  able  to  cross  species  barriers  and 
transmit  their  aberrant  fold  to  other  protein  monomers  (Lipfert  et  al.,  2005).  For 
example, variant Creutzfeldt‐Jakob disease (vCJD) has developed in humans that have 
consumed BSE infected beef, and kuru, a disease which has now been wiped out due 
to  intervention,  was  caused  by  inhabitants  of  Papua  New  Guinea  eating  the  CJD 
infected brains of deceased relatives during ritual ceremonies  (Derkatch et al., 2001; 
Gajdusek et al., 1966; Wadsworth et al., 2008). Most cases of CJD occur spontaneously 
and  are  not  due  to  infection;  however,  there  are  genetic  factors  that  can  influence 
susceptibility  to  disease, whether  it  is  acquired  or  sporadic  (individuals with  CJD  are 
homozygous  for  either  methionine  or  valine  at  position  129)  (Collinge  et  al.,  1991; 
Palmer et al., 1991; Wadsworth et al., 2008). Kuru was the first human prion disease 
discovered and  in some cases the time since infection has shown to exceed 50 years, 
although  the mean  incubation  period  is  10‐15  years  (Collinge,  2001;  Collinge  et  al., 
2006).  In  both  cases,  the  transmission  of  prions  was  responsible  for  pathogenesis 
although kuru prions have shown to be more similar to sporadic CJD prions than vCJD 
prions, suggesting that the disease originated from a person that had developed CJD 
spontaneously  and  also  highlighting  that  differences  do  exist  between  the  diseases 
(Wadsworth et al., 2008). 















3%);  these  findings  support  the  idea  that a  conformational  transition  is  vital  in prion 
propagation (Pan et al., 1993). Prion diseases have been identified in a wide range of 




not  understood.  Proposed  mechanisms  for  methods  of  transmission  are  the 
heterodimer model (Cohen et al., 1994), the co‐operative model (Eigen, 1996) and the 
model  of  seeded  polymerisation  (Harper  and  Lansbury,  1997).  The  mechanism  by 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which  prions  form  is  also  unknown  but  it  is  thought  to  be  a  result  of  increased 
concentration of prion proteins that promotes either its spontaneous folding or raises 
the  probability  of  collision  of  two  molecules  that  induces  conformational  change 
(Derkatch et al., 2001; Wickner, 1994).  
 






(Badtke  et  al.,  2009).  Some  of  the  properties  of  amyloid  that  in  some  cases  may 
contribute  to  pathogenicity,  for  example  their  strength  and  ability  to  avoid 




are  essential  for  biofilm  formation,  aid  the  bacteria’s  ability  for  host  colonisation 
(Hammar et al., 1996; Kikuchi et al., 2005). They have been classified as amyloid based 
on conclusions from electron microscopy (straight and unbranching fibres), resistance 
to  protease  digestion,  birefringence  under  cross  polarised  light  when  stained  with 
Congo  Red  dye,  a  shift  in  fluorescence  of  the  dye  Thioflavin  T  upon  binding,  and 
computer modelling  studies which  indicate a  cross‐β  formation due  to  the  sequence 
being  rich  in  glutamine  and  asparagines  (Barnhart  and  Chapman,  2006;  Chapman  et 
al., 2002). Curli is formed by the protein CsgA, the assembly of which depends on the 
membrane‐bound  protein  CsgB  that  is  thought  to  act  as  a  nucleator  for  the 
polymerisation  of  CsgA  (Hammer  et  al.,  2007).  The  hydrophobins,  proteins  that  are 
present  on  the  surface  of  some  filamentous  fungi  and  bacteria  also  have  amyloid 
characteristics  (Gebbink  et  al.,  2005).  These  proteins  share  very  little  sequence 
similarity  but  all  form β‐barrel  structures  held  together  by  eight  conserved  cysteine 
residues  (de  Vocht  et  al.,  2000).  Their  function  is  to  aid  in  the  formation  of  and 
attachment  of  hyphae  to  surfaces  (Wosten,  2001).  Hydrophobins  are  secreted  and 
self‐assemble  at  hydrophilic‐hydrophobic  interfaces  to  form  an  amphipathic 




traits  across  cells  (Chien  et  al.,  2004;  True  et  al.,  2004;  True  and  Lindquist,  2000). 




yeast Saccharomyces  cerevisiae.  In  its  native  state  the  role  of  Sup35  is  to  terminate 
translation  in  wild‐type  [psi]  cells  (Stansfield  and  Tuite,  1994).  However,  it  has  also 
been shown to behave in a prion‐like manner conferring a specific phenotype to yeast, 
namely that [PSI+] cells have a higher rate of read‐through of stop codons due to the 





and  M  (middle,  residues  124‐253)  regions  that  are  rich  in  Q,  N,  G  and  Y  and  charged  residues 








Krammer et al.,  2008; Patino et al.,  1996; Uptain et al.,  2001).  Interactions between 
these polar residues are believed to be responsible  for the aggregation properties of 
Sup35 (Bousset et al., 2008). Two other yeast prions, Ure2 and Rnq1, are also Q and N 
rich;  it  is  believed  that  these  residues  propagate  the  assembly  of  amyloid  via  polar 
zipper  interactions  (Bousset  et  al.,  2008;  Michelitsch  and  Weissman,  2000;  Perutz, 
1994; Tuite, 2000). Ure2 in its native form is a regulator of nitrogen metabolism; in its 
[URE3]  prion  form  it  loses  this  function  and  promotes  uptake  of  nitrogen  in  poor 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resources  (Lian  et  al.,  2006).  Rnq1  forms  the  [PIN+]  prion  and  is  able  to  induce 
formation of [PSI+] and [URE3] prions (Sondheimer and Lindquist, 2000; Wickner et al., 
2008)  Structural  studies  using  solid  state  NMR  have  shown  that  the  aggregated 
amyloid  forms  of  all  three  of  these  yeast  prions  have  a  parallel,  in‐register  cross‐β 
arrangement (Baxa et al., 2007; Shewmaker et al., 2006; Wickner et al., 2008). Another 




Silk  shares many  characteristics  with  amyloid.  The  production  of  silk  by  spiders  is  a 
tightly  controlled  process  where  various  soluble  proteins  only  become  aggregated 
after passing through the spinning duct (Rammensee et al., 2008). The mechanism by 
which  this  occurs  is  not  fully  understood which  is  not  surprising  given  the  different 
types  of  threads  that  are  produced,  each with  different  properties  and  designed  for 
different  functions  (Vollrath,  2000).  Some  structural  detail  is  known  about  synthetic 




found  in prokaryotes, however, more  recently,  functional amyloid has been found  in 
mammals.  Pmel17  is  a  transmembrane  glycoprotein  involved  in  the  maturation  of 
melanosomes,  organelles  that  synthesise  and  store melanin  pigments  (Berson  et  al., 
2003).  An  80kDa  cleaved  fragment  of  Pmel17  is  able  to  self‐assemble  into  amyloid 
fibres  that  act  as  a  template  for  the  polymerisation  of melanin  (Berson  et  al.,  2003; 
Fowler et al., 2006). There is a repeat region in this fragment that is essential for fibril 





taken  advantage  of  to  perform useful  functions  but  also  how nature  has  evolved  to 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carefully  control  the  manufacture  of  these  structures.  Their  production  is  often 
compartmentalised, as in the case of Pmel17 and spider silk which presumably hinders 
the possibility that they might reach other tissues and begin uncontrolled aggregation, 
like  that  seen  in  disease.    Uncovering  the  differences  between  these  amyloids  and 
pathogenic forms may not only aid in understanding how diseases present but also in 
how they can be exploited for use in technical applications. 




The  exploitation  of  amyloid  by  the  natural  world  has  prompted  vision  for  its  use  in 
technology. To use amyloid as a biomaterial in  industry, it  is necessary to understand 
how  peptides  self  assemble  so  that  bottom‐up  design  approaches  can  be  used  to 
manufacture “useful” amyloid. Furthermore  it must be possible to exert control over 










its  mechanical  strength  and  stiffness.  Using  force  spectroscopy  techniques,  the 
strength of insulin amyloid fibrils has shown to be comparable with that of spider silk 
which  has  mechanical  properties  similar  to  steel  (Gosline  et  al.,  1999;  Smith  et  al., 











of  some  rules means progress  can be made. Compared  to  the designed assembly of 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fibrous  constructs  based  on  α‐helical  motifs,  for  example  the  self‐assembling  fibre 
(SAF)  system  that  is  based  on  two  leucine  zipper  peptides  (Woolfson  and  Ryadnov, 
2006), the manufacture of β‐sheet based materials is complicated by the lack of such 
defined  principles. The  observation  that even  short peptides  form  cross‐β  structures 
that are heterogeneous  in their morphology compared to the uniformity displayed  in 
the SAF  system  illustrates  the  lack of  control  in  these β‐based  systems.  It  is  thought 




Despite  this,  the  number  of  examples  of  β‐structures  used  in  biotechnology  is  ever 
increasing.  One  of  the  best  examples  is  the  production  of  peptide  hydrogels,  which 
have potential for use in drug delivery and tissue engineering (Lee and Mooney, 2001). 
In tissue engineering a new organ or tissue can be formed from a combination of the 
patients  own  cells  and  a  polymer  scaffold  that  is  injected  into  the  patients  body.  
Synthetic  polymers  require  an  incision  to  be  made  in  the  body,  whereas  hydrogel 
polymers  are  injectable  (Lee  and  Mooney,  2001).  Hydrogels  have  historically  been 
based  on  high  molecular  weight  polymers  but  more  recently  the  self‐assembly  of 
peptides  has  been  used.  In  one  example,  a  peptide was  designed  to  form  flat,  non 
twisting fibrils by inserting a diproline peptide in between two β‐sheet forming strands 
consisting of alternating valine and lysine residues (Schneider et al., 2002). Under basic 
conditions,  when  lysine  residues  have  no  charge,  β‐hairpins  form  that  can  self‐




(Schneider  et  al.,  2002).  pH  has  been  used  in  other  studies  as  a  way  of  controlling 
hydrogelation (Aggeli et al., 2003; Rajagopal et al., 2009; Zhao et al., 2008) and similar 
investigations  have  used  light  (Haines  et  al.,  2005)  and  temperature  (Pochan  et  al., 
2003) as mechanisms to control stimulation of hydrogelation. Interestingly, depending 
on whether a  combination  of D and L or  L and L proline  residues  is used affects  the 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resulting  structure;  only  the  construct  with  the  D  isomer  forms  β‐hairpins  and 
hydrogels  (Schneider et al., 2002). The sequence containing two L  isomers of proline 
adopts an extended β‐strand conformation and forms amyloid like fibres (Lamm et al., 
2005).  Work  by  another  group  used  a  similar  system  of  two  alternating 
charged/neutral  amino acid  sequences, determined as  random coil by CD,  to  form a 
hydrogel when mixed together (Ramachandran et al., 2005). The hydrogel was able to 










1996).  Krysmann  et.  al.  reported  that  when  the  peptide  is  put  into  concentrated 
phosphate  buffered  saline  (PBS)  a  hydrogel  is  formed;  it  is  suggested  this  is  due  to 
screening  of  the  electrostatic  charges  from  the  K  residues  by  the  buffer  salts  thus 
enabling  β‐sheets  to  aggregate  into  a  gel  (Krysmann  et  al.,  2008)  (although  other 
studies have shown that screening of side chain charges requires very high (>1 M) salt 
concentrations (Dzubiella, 2009; Jelesarov et al., 1998; Lopez De La Paz et al., 2002)). It 




There  is  potential  that  amyloid  fibres  could  be  fuctionalised  with,  for  example, 
enzymes by adding the units to the end of protein monomers and then allowing the 
monomers  to  assemble  into  fibrils  (Baldwin  et  al.,  2006).  Several  constructs  of  the 
yeast  prion  Ure2p  were  made  that  contained  enzymes  on  the  end  of  the  native 
sequence.  These  constructs  were  then  allowed  to  form  amyloid  filaments  and  the 






transfer  (Baldwin  et  al.,  2006).  Amyloid  based  structures  have  also  been  used  to 





80‐200  nm  (Scheibel  et  al.,  2003).  Furthermore,  diphenylalanine  formed  nanotubes 
around 100 nm wide and several micrometres long that were shown by FTIR to have a 
β‐sheet  like  conformation.  They  also  stain with  the  dye  Congo  red,  indicative  of  an 
amyloid like structure. Ionic silver was added to the nanotubes that was then reduced 




of  increased  stability  (Scheibel  et  al.,  2003).  Furthermore,  peptide  based  materials 
provide a range of binding sites so different substrates can bind at controlled positions 
illustrating  the  need  for  development  in  the  use  of  protein  fibres  as  biomaterials 
(Scheibel et al., 2003).  
 
These  examples  illustrate  how  the  self‐assembly  of β‐structures,  although  harder  to 
control  than some other peptide based or molecular self‐assembling systems, can be 
tuned  to  show  responsiveness  to  particular  conditions.  Furthermore,  by  using  short 
peptides  to  investigate  self‐assembly,  design  principles  emerge  that  give  clues  as  to 
how amyloid forms and how its characteristic properties are imparted onto it.  
 




Many proteins  and  peptides  are  able  to  form  amyloid  fibres,  despite  high  sequence 
diversity, an ability that has been proposed as an inherent property of the polypeptide 
backbone  (Dobson, 2001; Fandrich and Dobson,  2002). This proposition  implies  that, 
under the correct conditions, sequence has little influence but the widely varying rates 
of  fibrillogenesis  observed  with  different  peptides,  and  the  mutations  in  disease 





vitro,  whereas  the  same  region  of  rat  IAPP  does  not  (Westermark  et  al.,  1990). 
Attempting  to  identify  motifs  or  regions  of  full‐length  disease  related  peptides  or 
proteins  that  are  responsible  for  or  contribute  to  fibril  formation  is  challenging, 
particularly for larger proteins, so often the proteins are analysed as a series of smaller 






Some  simple  rules  have  been  established  that  have  aided  the  design  of  particular 
secondary structural elements. The formation of α‐helices is promoted by an HPPHPPP 
pattern  of  amino  acid  residues  whereas  β‐sheets  generally  form  from  an  HPHPHP 
sequence  (MacPhee  and  Woolfson,  2004;  Woolfson  and  Ryadnov,  2006).  This 
alternating pattern generates a hydrophilic and hydrophobic face that encourages self‐
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on  a  small  domain  of  bacterial  IgG  binding  protein G  (Smith  et  al.,  1994)  and  a  zinc 
finger  peptide  (Kim  and  Berg,  1993).  The  data  from  these  studies  do  not  perfectly 
correlate but overall trends are apparent, for example all three tables place tyrosine, 
threonine, isoleucine, phenylalanine, tryptophan and valine as being the residues most 
likely  to  be  part  of  a  β‐sheet  (Smith  et  al.,  1994).  Similarly,  sequences  that  form 
amyloid often lack proline and glycine, which both have low scores, as these residues 
are  β‐sheet  breakers  (Rauscher  et  al.,  2006).  Incidentally,  with  the  exception  of 
threonine, these residues are hydrophobic and hydrophobicity is known to affect fibril 
formation.  α‐synuclein  contains  an  central  hydrophobic  region  known  as  the  NAC 
domain that is required for fibrillisation of the peptide (Waxman et al., 2009). Certain 
deletions made to this region significantly impaired its ability to form fibrils, although 





shown  to  be  important  in  assembly  of  the  full‐length  peptide  (Chebaro  et  al.,  2009; 




fragment  of  Aβ  was  HQKLVFFAED  (residues  14‐23)  (Tjernberg  et  al.,  1999)  and  that 




2006).   Regions  identified as  important  in  fibrillisation of Aβ  have been  suggested as 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possible  inhibitor  binding  sites  and may  be  blocked  by  small  peptides with  identical 
sequences to that of the binding site – so‐called “self recognition elements” (Ghanta et 
al., 1996; Hughes et al., 2000; Tjernberg et al., 2002). The observation that the speed 
of  fibril  growth  can  only  be  enhanced  by  seeding with  fibrils  formed  from  the  same 
peptide  and  not  by  fibrils  formed  from  similar  sequences  also  suggests  particular 
regions are important in aggregation (Jarrett and Lansbury, 1992). The amyloidogenic, 
hydrophobic  C‐terminal  region  of  Aβ,  residues  25‐42,  is  homologous with  the  highly 
conserved residues 96‐111 of PrP which has also been shown to form amyloid fibrils in 
isolation  (Come  et  al.,  1993;  Stahl  and  Prusiner,  1991).  Hydrophobicity  and β‐sheet 










(Azriel  and  Gazit,  2001).  It  is  believed  that  the  high  frequency  at  which  aromatic 
residues  feature  in  amyloidogenic  sequences  points  towards  the  importance  of  π‐π 
stacking (Gazit, 2002). It has been shown that replacing phenylalanine residues in Aβ1‐
42  slowed  down  assembly  (Fraser  et  al.,  1994).  Aggregation  of  human  muscle 
acylphosphatase was also decreased following aromatic to non‐aromatic substitution 
(Bemporad  et  al.,  2006).  Single  point  mutations  in  a  14  residue  fragment  from 
acetylcholinesterase  supported  the  importance  of  aromatic  residues  in  amyloid 
formation and also highlighted the stabilising role of salt‐bridges (Jean et al., 2008). 
 
Charge‐charge  interactions  between  ionisable  residues  have  also  shown  to  be 
important  in  stabilisation  of  amyloid  fibres  (Caplan  et  al.,  2002;  Fraser  et  al.,  1994; 
Lopez De La Paz et al.,  2002; Makin et al.,  2005; Ulijn and Smith, 2008; Zhang et al., 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1993;  Zhang  and  Rich,  1997).  However,  the  presence  of  charged  side  chains  in  a 
sequence of hydrophobic residues has been proposed as a hindrance to aggregation, 
acting  as  “structural  gatekeepers”  that maintain  the  integrity  of  the  non‐aggregated 
structure  (Otzen  et  al.,  2000;  Otzen  and  Oliveberg,  1999;  Rousseau  et  al.,  2006). 
Furthermore, many diseases are accelerated by point mutations within proteins linked 
to  diseases  (table  1.2)  which  suggests  that  it  is  not  only  hydrophobic  collapse  that 












Table  1.2.  Some  mutations  affecting  aggregation  propensities  of  disease  related  natively  unfolded 
proteins (Waxman et al., 2009).  
 
Methods  for  predicting  sequences  that  are  prone  to  form  β‐structures  have  been 








propensity  scores  of  a  peptide  “window”  and  by  moving  this  window  along  one 
residue  at  a  time  plots  the  score  for  each  amino  acid  in  the  peptide  (Zibaee  et  al., 
2007). These measures of β‐strand propensity are termed β‐strand contiguity and have 
been plotted for α‐synuclein, Aβ1‐40 and tau; the results were found to correlate well 
with  experimentally  determined  amyloidogenic  regions  (Zibaee  et  al.,  2007).  The 











form  fibrils  after  various  treatments,  such  as  low  pH  or  denaturation  with  GuHCl 
although  the  structural  differences between  the  fibrils,  if  any, are unknown  (Jahn et 
al.,  2008).  The  peptide  STVIIE  was  shown  to  be  very  amyloidogenic  and  a  further 
examination  of  it,  involving  a  full  positional  scanning  of  each  residue,  led  to  the 
development of a sequence pattern that could be used to detect other  fibril‐forming 
regions  in  proteins  (Lopez  de  la  Paz  et  al.,  2001).  The  TANGO  and  Zyggregator 
algorithms  also  locate  aggregation‐prone  sequences  in  peptides  and  denatured 
proteins  (Fernandez‐Escamilla  et  al.,  2004;  Pawar  et  al.,  2005).  Pawar  et.  al.  used 
similar approaches to ascribe specific amyloid forming propensity to each amino acid 
and developed a method to predict sequences in Aβ1‐42, α‐synuclein and tau that are 
crucial  for  fibril  formation  (Pawar  et  al.,  2005).  These  regions  were  verified 
experimentally  and  found  to  correlate  well,  for  example  Aβ17‐21  and  Aβ30‐42  were 
predicted  as  being  highly  amyloidogenic,  which  correlates  well  with  previous 
experimental  data  (Balbach  et  al.,  2000;  Pawar  et  al.,  2005;  Petkova  et  al.,  2002; 
Tjernberg et al., 1999; Torok et al., 2002; Williams et al., 2004). 
 
Much  of  this  work  focuses  on  the  potential  to  design  therapeutics  or  inhibitors  for 
fibrillisation  (Lopez De  La  Paz  et  al.,  2002;  Lynch  et  al.,  2008;  Pawar  et  al.,  2005).  If 









Despite  the  lack  of  any  obvious  sequence  similarity  between precursor  proteins  and 
peptides,  amyloid  fibrils  all  share  common  structural  characteristics  and  properties. 
Knowledge of the structure of amyloid fibrils observed by EM has progressed greatly 





et  al.,  2000a;  Serpell  and  Smith,  2000;  Sikorski  et  al.,  2003).  The  advancement  of 
technology  and  ability  to  form  amyloid  fibrils  in  vitro  for  analysis  has  revealed  the 
intricate differences between fibrils and highlighted the structural features they share. 




Most  of  the  low‐resolution  knowledge  of  amyloid  structure  has  come  from  visual 
methods such as EM, cryo‐EM and AFM. In addition, X‐ray fibre diffraction can report 
on  protofilament  substructure  (Serpell  et  al.,  2007;  Serpell  et  al.,  2000b).  Mature 
amyloid fibrils of the type seen in electron microscopy are generally around 60‐120 Å 
in  diameter,  are  straight,  long  and  unbranching  (Serpell  et  al.,  2000b)  and  there  is 
often a twist present (Goldsbury et al., 2000; Jimenez et al., 1999; Jimenez et al., 2002; 
Kajava et al., 2005; Petkova et al., 2006; Sachse et al., 2006; Sumner Makin and Serpell, 
2004). Visible striations parallel  to the  length of the fibre and cross‐sections of  fibres 
reveal  that  smaller,  laterally associated protofilaments  comprise  the underlying  level 
of organisation (Cohen, 1982; Kirschner et al., 1987; Serpell et al.,  2000b; Shirahama 
and Cohen, 1965). Protofilaments are distinct  from protofibrils mentioned  in  section 
1.3, which describe the small species formed at the early stages of assembly (Harper et 
al., 1997b; Walsh et al., 1997). The number and width of protofilaments that make up 
the mature  fibril  varies depending on  the precursor protein or peptide  (table 1.3). A 







Figure  1.8.  Schematic  of  the  assembly  of  amyloid‐forming  peptide  monomers  into  mature  fibrils. 
Peptide monomers are arranged  in a  cross‐β manner perpendicular  to  the  fibre axis  into a β‐sheet. A 
pair  of  β‐sheets  constitute  the  protofilament.  Protofilaments  assemble  laterally  to  become  mature 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Monoclonal 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 γ  
light chain 









EM  5  100  30  (Serpell  et 
al., 2000b) 
D67H lysozyme  EM  5  95  30  (Serpell  et 
al., 2000b) 

























EM  ‐  70‐90  ‐  (Fraser et al., 
1991) 
V30M TTR  EM  4  120  50‐60  (Serpell  et 
al., 1995) 
SH3 domain  Cryo‐EM  4  80  20  (Jimenez  et 
al.,1999) 
Aβ1‐42  Cryo‐EM  1  130  n/a  (Schmidt  et 
al., 2009) 
Aβ1‐40  Cryo‐EM  2  200  100  (Meinhardt 
et al., 2009) 
β2‐microglobulin  Cryo‐EM  6  180  n/a  (White et al., 
2009) 
PrP 91‐231  EM  2  60  30‐35  (Tattum  et 
al., 2006) 
Insulin  Cryo‐EM  2,4 or 6  60‐180  30  (Jimenez  et 
al., 2002) 
 
Table  1.3.  Reported  numbers  of  protofilament  subunits  in  mature  fibrils  formed  from  different 
proteins and peptides. Adapted from Serpell, 2000. 
 
Cryo‐EM  combined with  single  particle  analysis  has  given  particular  insight  into  the 
macromolecular structure of amyloid. Analysis of fibrils formed by insulin and the SH3 
domain  of  phosphatidylinositol‐3’‐kinase  showed  a  variety  of  morphologies  in  the 
same  sample,  composed  of  different  numbers  of  flat  protofilaments  (Jimenez  et  al., 






spinning  NMR  and  fibre  diffraction  on  fibrils  formed  from  residues  105‐115  of 
transthyretin  showed  that  the  protofilaments  were  composed  of  four  extended  β‐





While many  studies  have  shown  that  particular  numbers  of  protofilaments make  up 
mature fibrils,  the emerging view of amyloid structure  is  that  fibrils are polymorphic, 
where even within  the  same sample mature  fibrils of different morphologies  can  be 
observed  (Fandrich  et  al.,  2009;  Malinchik  et  al.,  1998;  Petkova  et  al.,  2005). 
Polymorphism within  amyloid may  occur  at  any  of  three  levels  of  organisation;  the 
number  of  protofilaments  that  compose  the  mature  fibril,  the  arrangement  of  the 
protofilaments,  or  the  peptide  packing  within  the  protofilaments  or  other  larger 
assemblies such as crystals (see section 1.8.2) and has been observed in fibrils formed 
from a number of different proteins and peptides (Fandrich et al., 2009). It is becoming 
increasingly  evident  that  polymorphism  in  amyloid  is  common  and  has  also  been 
observed  in ex vivo  samples  (Jimenez et al.,  2001).  It  is believed  that these different 
conformations are responsible  for the different strains seen  in prion diseases, where 
different  fibril  morphologies  exhibit  different  physiological  effects  (Toyama  et  al., 
2007; Wiltzius et al., 2008). A similar conformation dependent disease mechanism has 
been proposed for non‐infectious amyloid (Telling et al., 1996). Two strains of amyloid 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of  particular  morphologies  often  depends  on  experimental  conditions,  for  example 
fibrils of Aβ1‐40 that were grown with and without agitation showed to have different 
structures (Petkova et al., 2005). Flat ribbons with two fold symmetry have previously 
been  observed  for  fibrils  of  agitated  Aβ1‐40  (Petkova  et  al.,  2006)  and  twisted  fibrils 
with  three‐fold  symmetry  were  produced  by  the  same  peptide  that  had  been  left 
quiescent  (Paravastu  et  al.,  2008).  In  both  of  these  models  it  is  the  quaternary 
arrangement of the peptides within the fibrils that varies; the internal peptide contacts 
and arrangement of the β‐ sheets  (parallel and  in‐register)  is  the same (Paravastu et 
al.,  2008).  Propagation  of  single  morphologies  has  been  achieved  by  adding  parent 
seeds to solutions with particular macromolecular morphologies predominating in the 






prohibited due  to  their  insolubility and heterogeneity.  For most globular proteins, X‐
ray  crystallography  is  the preferred method  for  looking at  structure  in atomic detail. 
However,  because  of  its  fibrillar  nature, most  attempts  at  crystallising  amyloid  have 




high‐resolution  structural  characterisation  of  amyloid  and  assignment  of  side  chain 
conformations has come mostly from other methods, in particular solid state NMR and 
EPR,  although  the  Eisenberg  group  have  reported  over  thirty  crystal  structures  of 
nineteen short amyloid forming peptides, some in two crystal forms (see table 1.4 and 
appendix (ii)) (Nelson et al., 2005; Sawaya et al., 2007). The crystals were mostly grown 
by  the  hanging  drop  method  and  others  grew  in  batch  from  lyophilised  peptide 
dissolved  in water  or  buffer  (Nelson  et  al.,  2005;  Sawaya  et  al.,  2007). However,  no 
peptide  longer  than  seven  residues  has  been  crystallised,  suggesting  that  peptide 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length  is  a  limitation  to  growing  crystals  of  amyloid‐forming  peptides. Nevertheless, 
the  crystal  structures  corroborate  the  cross‐β  arrangement.  The  first  peptide  to  be 
crystallised and  its structure determined was the Sup35 fragment GNNQQNY,  further 
details on which are given  in  section 4.1  (Nelson et al.,  2005). The  structure  showed 
the peptides arranged parallel to one another in a β‐sheet with the sheets anti‐parallel 
(Nelson  et  al.,  2005).  The  peptide  side  chains  were  modelled  as  being  closely 
interlocked  in  an  anhydrous  “steric  zipper”,  thought  to  account  for  the  strength  of 
amyloid,  with  a  wet  interface  between  pairs  of  sheets  (Nelson  et  al.,  2005).  This 
arrangement of residues featured in all of the crystal structures in a later publication, 
which  were  defined  according  to  one  of  eight  classes  that  depend  upon  the 
organisation  of  peptides  within  the  crystals,  although  no  examples  have  yet  been 
discovered for three of the classes (Sawaya et al., 2007). Crystal structures have been 
used  to model  structures of  full‐length peptides (Ivanova et al.,  2009; Wiltzius et al., 
2008). NNFGAIL and SSTNVG from IAPP were both crystallised, with only one peptide 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Peptide  Arrangement  Method  Reference 
Aβ10‐35  Parallel, in‐register   ssNMR  (Benzinger et al., 1998) 
Aβ10‐35  Antiparallel  FTIR  (Fraser et al., 1994) 
Aβ10‐35  Parallel, in‐register  ssNMR  (Antzutkin et al., 2002) 
Aβ1‐40  Parallel, in‐register  ssNMR  (Antzutkin et al., 2000) 
Aβ34‐42  Antiparallel  ssNMR  (Lansbury et al., 1995) 
Aβ16‐22  Antiparallel  ssNMR  (Balbach et al., 2000) 
Aβ1‐42  Parallel, in‐register  ssNMR  (Antzutkin et al., 2002) 
Various short peptides   Various  X‐ray 
crystallography 
(Nelson  et  al.,  2005; 
Sawaya et al., 2007) 
IAPP  Parallel, in‐register  EPR  (Jayasinghe and Langen, 
2004) 
α‐synuclein  Parallel, in‐register  EPR  (Der‐Sarkissian  et  al., 
2003) 
PrP  Parallel, in‐register  EPR  (Cobb et al., 2007) 
Aβ34‐42  Antiparallel  ssNMR  (Lansbury et al., 1995) 
HETs  prion  domain 
(218‐289) 






Rnq1 [PIN+]  Parallel, in‐register  ssNMR  (Wickner et al., 2008) 
Sup35NM  Parallel, in‐register  ssNMR  (Shewmaker  et  al., 
2006) 
Ure2  prion  domain  (1‐
89) 
Parallel, in‐register  ssNMR  (Baxa et al., 2002) 
IAPP  Parallel, in‐register  ssNMR  (Luca et al., 2007) 
KFFEAAAKKFFE  Antiparallel  XRFD  (Makin et al., 2005) 




Solid  state  NMR  has  provided  a  wealth  of  information  on  the  structure  of  amyloid 
fibrils  and  brought  attention  to  the molecular  level  polymorphisms  that  exist within 




cross‐β  model.  Two  models  have  been  reported  for  microcrystals  formed  from 
residues 42‐49 of medin that both feature parallel,  in‐register strands (Madine et al., 
2009). An anti‐parallel arrangement was observed for residues 20‐29 of IAPP, although 
another  group  found  that  the  same  fragment  formed both  anti‐parallel  and  parallel 
structures,  again  highlighting  molecular  level  polymorphisms  (Madine  et  al.,  2008; 
Nielsen et al.,  2009).  ssNMR studies on  the  Iowa mutant of Aβ  (D23N) also  revealed 




more  abundant  (Tycko  et  al.,  2009).  Examination  of  the  K3  fragment  of  β2‐
microglobulin  showed  that  the  peptide  as  it  exists  within  fibrils  was  similar  to  the 
native  crystal  structure  i.e. β‐strand‐loop‐β‐strand, except  that phenylalanine 22 and 
serine 28 are flipped from the outside to a  location on the  interior of the fibril which 
was  presumed  to  optimise  inter‐  rather  than  intra‐molecular  packing  (Iwata  et  al., 
2006). Work by the Tycko group and others has focused on the molecular structure of 
Aβ fibrils using ssNMR. A model of amyloid fibrils from residues 10‐35 of Aβ consistent 
with  data  from  ssNMR,  EM  and  small  angle  neutron  scattering  features  parallel  β‐
strands that are off‐set slightly to produce a twist observable by EM (Benzinger et al., 
2000).  Full‐length Aβ1‐40  forms  a β‐bend with  the  two β‐strands  stacking  up  to  form 
parallel  β‐sheets  (figure  1.9)  and  a  similar  model  has  been  proposed  for  the  WW 
domain  of  CA150,  a  protein  associated  with  Huntington’s  Disease  (Ferguson  et  al., 
2006).  However,  later  work  suggested  that  in  fact  Aβ1‐40  forms  a  variety  of 
morphologies with differing molecular structures (Petkova et al., 2002; Petkova et al., 
2005). There are significant structural differences between this and the model for Aβ1‐
42  (figure  1.9)  (Luhrs  et  al.,  2005). While  both  form  parallel β‐hairpins,  in  Aβ1‐42  the 




and Aβ1‐42  (both  in‐register  and  parallel)  (Torok  et  al.,  2002)  and α‐synuclein  (which 
showed the core as consisting of residues 36‐98) (Chen et al., 2007; Der‐Sarkissian et 
al.,  2003).  X‐ray  fibre  diffraction  and  electron  diffraction  produced  a  high‐resolution 
model  for  the  amyloid‐forming  designed  peptide  KFFEAAAKKFFE  (see  section  6.1) 
(Makin et al., 2005). Some of the structures mentioned here are shown  in figure 1.9 
with details of specific interactions in table 1.5. 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H14,  K16,  F20  are  on  the 



















β  strand  1  on  the  nth 
molecule  interdigitate  with 
I32, L34, V36, G38 and V40 in 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 1  steric  zipper; 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The  most  widely  accepted  generic  model  for  amyloid  structure  is  the  cross‐β 
arrangement discussed in the previous sections. However, several other models have 
been  suggested  for  amyloid. β‐helix  type  structures, which  includes β‐solenoids  and 
nanotubes, have been proposed as an alternative model. The “water‐filled nanotube” 
was  originally  suggested  by  Perutz  from  data  collected  from  fibrils  formed  by  the 
polyglutamine peptide D2Q15K2 (Perutz et al., 2002). Fibre diffraction data from these 
fibrils  did  not  give  the  classical  10‐11  Å  equatorial  reflection  and  therefore  was 
assessed as being inconsistent with a cross‐β structure (Perutz et al., 2002; Jahn et al., 
2010).  Subsequent  analysis  of  the  data  revealed  a  strong  8.3 Å  equatorial  reflection 




glutamine  side  chains  packed  very  close  together  (Sikorski  and  Atkins,  2005). 
Furthermore,  the  texture  of  the  sample  used  to  collect  diffraction  data  had  a 
remarkable  effect  on  the  patterns  observed  (Jahn  et  al.,  2010).  Calculation  of  fibre 
diffraction patterns from the nanotubes model do not compare well with experimental 
diffraction  patterns,  suggesting  that  this  structure  may  not  be  correct  (Jahn  et  al., 
2010). The structure of Het‐s fibrils has been described as a β‐solenoid, indicating that 








native‐like  structure  in  amyloid  fibrils  (Eakin  et  al.,  2004).  However,  the  recent 
structure of amyloid fibres formed from β2‐microglobulin determined by cryo‐EM was 
inconsistent with this report of stacked native structures, or of  fibrils  that  featured a 
cross‐β arrangement of peptides (Ivanova et al., 2004; Ivanova et al., 2006; Iwata et al., 
2006) or domain swapped dimers (Benyamini et al., 2003; Calabrese et al., 2008) and 






mature  fibrils  can  give  insights  into  possible  arrangements  of  these  smaller  species 
there  is potential  that they may take on some other conformation, so more recently 
work has focused on the structural determination of early intermediates. The structure 
of  the  Aβ1‐40  oligomer  was  presented  as  a  spherical  intermediate  that  contained 
parallel β‐sheet structure and was shown to be more toxic than fibrils that formed at 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later  time  points  (Chimon  et  al.,  2007).  Dimerisation  of  Aβ  monomers  followed  by 
monomer addition has also been shown to be a key step in the formation of oligomers 
(Ono  et  al.,  2009).  The  exact  structural  nature  of  the  toxic  species  is  still  to  be 
determined  however,  and  it  may  be  that  oligomers,  like  other  assemblies  in  the 
amyloid hierarchy, are polymorphic.  
 





similar  structures  makes  the  mechanism  of  assembly  of  amyloid  all  the  more 
intriguing. Precisely how normally soluble proteins form insoluble amyloid fibrils is not 
fully understood at present and the process by which this occurs will  inevitably be far 
more  complicated  in  a  cellular  environment.  However,  in  vitro  experiments  can 
provide  insight.  It  is  believed  that  unfolded  monomers  first  form  partially  folded 
intermediates that assemble  into small prefibrillar species  (protofilaments) around 5‐
10 nm  in width and  then  lengthen  into protofibrils  and  finally mature amyloid  fibres 
(figure  1.8),  as  has been  shown  for α‐synuclein  (Conway et al.,  2000; Uversky et al., 





on  TTR  showed  that  it  was  not  necessary  to  fully  denature  the  protein  in  order  for 
fibrils to form and that many of the proteins’ secondary (and some tertiary) structural 
features  were  retained  in  the  fibril  (Colon  and  Kelly,  1992).  β2‐microglobulin  forms 
different  fibrils  depending  on  preparation  conditions;  at  pH  2  the  native  protein  is 
partially  denatured  and  at  neutral  pH native‐structure  is  retained  (McParland  et  al., 
2000;  Platt  et  al.,  2009).  A  detailed  representation  of  amyloid  assembly  is  shown  in 
figure 1.10. 







The  assembly  of  amyloid  fibres  can  be  followed  using  the  dye  Thioflavin  T,  or  by 
monitoring turbidity, and often shows a sigmoidal growth curve that consists of a  lag 
phase, followed by a period of rapid growth and ending with a plateau indicating that 
fibril  formation  has  fully  proceeded  (for  further  information  see  2.4.3)  (Naiki  and 
Nakakuki,  1996).  The  lag  phase  can  be  shortened  or  even  eliminated  by  adding 
preformed seeds, which are able  to  convert  soluble protein  into amyloid  in a  similar 




Visual  methods  such  as  EM  and  AFM  can  also  be  used  to  follow  assembly,  while 
spectroscopic methods like CD, LD, Raman and FTIR and various fluorescence methods 
can be used to probe changes in secondary structure, in particular the transition from 
natively  unfolded  or  α‐helical  monomer  to  β‐sheet  rich  fibres  and  the  structural 
environments of particular residues respectively (Adachi et al., 2007; Andersen et al., 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2010;  Ban  et  al.,  2006;  Bulheller  and Hirst,  2009;  Jean  et  al.,  2008;  Lee  et  al.,  2007; 
Marshall et al., 2010; Martel et al., 2008; Padrick and Miranker, 2001). Solution NMR 




The  first  phase  in  amyloid  formation  is  thought  to  be  the  assembly  of  oligomeric 
structures.  This  may  be  through  non‐specific  association  of  monomers  or  a  more 
specific  mechanism,  such  as  domain  swapping  (Nagarkar  et  al.,  2008;  Nelson  and 




T7 endonuclease  I  (Guo and Eisenberg, 2006) and prion protein  (Knaus et al.,  2001). 
The  pathways  by  which  fibres  and  oligomers  form  is  unclear  and  it  has  not  been 
ascertained if oligomers are intermediates in fibril formation, or whether they form in 
a  separate  pathway  (Collins  et  al.,  2004).  Oligomers  formed  during  Sup35  amyloid 
formation  have  been  observed  localised  to  fibre  ends,  indicating  that  oligomer 
formation  is a  step on  the  pathway  to  fibril  elongation  (Serio et al.,  2000).  Similarly, 
oligomer rather than monomer addition was suggested as the primary mechanism for 
insulin fibril elongation (Vestergaard et al., 2007).  A three stage assembly process has 
been  proposed  by  Nelson  et.  al.  which  involves  firstly  monomer  assembly  into  β‐
sheets, followed by formation of a nucleus and finally the interaction of pairs‐of‐sheets 
to  form elongated  fibrils  (see  section  4.1  for  further detail)  (Nelson et al.,  2005). An 
alternative model of amyloid growth  that  features  fragmentation as a step has been 
suggested  for  the  yeast  prion  protein  Sup35.  It  was  shown  using  single  molecule 




initially  reversible  but  over  time  becomes  more  stable  (Cannon  et  al.,  2004). 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Fibrillogenesis  has  been  characterised  using  a  model  termed  phase  mediated 
fibrillogenesis, where  the  fibril  lengthening  is  split  into  a  concentration  independent 
lag phase and a concentration dependent growth phase (Padrick and Miranker, 2002). 
These  examples  make  it  clear  that  no  single  mechanism  for  amyloid  (or  oligomer) 
formation has been agreed upon and most  likely  infer  that  there are many different 
pathways by which amyloid can form.  
 
Amyloid  fibres  are  stabilised  by  a  number  of  interactions.  It  is  believed  that mature 
fibrils may  associate  via  hydrophobic  interactions  between  exposed  residues  on  the 
opposite side to the amyloid core, and that this non‐specific interaction may be partly 
responsible  for  the  polymorphisms  seen  (Iwata  et  al.,  2006;  Petkova  et  al.,  2006). 
Stabilisation  within  the  protofilament  at  a  molecular  level  is  also  achieved  by  side‐
chain  interactions  which  may  be  intra‐  or  inter‐molecular,  for  example  aromatic 
interactions  and π‐π  stacking  (Fandrich  and Dobson,  2002; Gazit,  2002;  Iwata  et  al., 
2006; Makin et al., 2005) or salt bridges between oppositely charged residues (Makin 
et al., 2005; Petkova et al., 2005). Asparagine ladders, where aligned polar N residues 
are  hydrogen‐bonded  in  the  fibre  axis  direction  have  also  been  highlighted  as  a 
stabilising  interaction that overcome the energetic disadvantage of the residue being 













to  be  able  to  learn  from  nature  and  exploit  it  as  a  material  for  industrial  use. 
Underlying all of  these problems  is a simple question: How do very different protein 
sequences form very similar structures? The propensity so many proteins and peptides 
have  to  form  amyloid  suggests  there  may  be  a  common  mechanism  for  amyloid 
formation  and  possible  rules  to  uncover  that  can  be  used  as  predictive  tools.  If  the 
properties of amyloid, whether good or bad, are  to be understood  it  is  fundamental 
that  these  structures are known  in detail. By using  short peptides as model  systems 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2. INTRODUCTION  PART  II:  Methods  to  characterise 
amyloid 
2.1. Introduction 
Knowledge  of  the  structure  of  amyloid  is  essential  if  progress  is  to  be  made  in 
understanding  how  misfolding  events  are  initiated  and  how  assembly  proceeds. 
Accumulating  evidence  suggests  that  in  some  pathologies,  particularly  the 
neurodegenerative amyloid‐associated diseases, oligomeric species are responsible for 





amyloid  core  and  which  appear  to  play  no  role  in  the  formation  of  amyloid  fibrils. 
Techniques  such  as  H/D  (hydrogen‐deuterium)  exchange  and  limited  proteolysis,  as 
well  as  bioinformatics  tools  such  as  prediction  algorithms  have  identified  sequences 
that  are  involved  in  the  cross‐β  core  of  fibrils  (Hoshino  et  al.,  2002;  Trovato  et  al., 
2007;  Williams  et  al.,  2004;  Zhang  et  al.,  2009;  Zibaee  et  al.,  2007).  These  shorter 
sequences often have the ability to form amyloid fibrils alone, with similar properties 
and characteristics to their full‐length counterparts. They are often preferable for use 
in  biophysical  studies  as  they  form  more  ordered  structures,  thought  to  be 
representative  of  the  cross‐β  core  of  the  full‐length  proteins  to  which  they  relate. 





A wide  range  of  biophysical  techniques  have  been  used  to  attempt  to  elucidate  the 
structure and assembly mechanisms of amyloid. In the majority of cases the use of X‐
ray  crystallography  and  solution  NMR  has  been  precluded  due  to  the  insoluble  and 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heterogeneous  nature  of  amyloid  fibres,  although  there  have  been  several  short 
amyloid‐forming  sequences  that  have  been  crystallised  by  the  Eisenberg  group  for 
which crystal structures have been published (Nelson et al., 2005; Sawaya et al., 2007). 
It  is mainly  for  this  reason  that  structural  information  has  had  to  come  from  other 
techniques. Also, whether the crystal structure represents the fibril structure remains 
controversial  (see  chapter  4)  (Marshall  et  al.,  2010;  van  der  Wel  et  al.,  2007). 
Furthermore, other techniques can give information on fibrillisation and the structural 
changes  that  may  occur  on  the  pathway  from  monomer  to  fibre,  which  are  not 
obtainable by X‐ray crystallography. It is this collective information that will provide a 
more global view of amyloid structure and formation and aid in understanding of the 
molecular  basis  of  amyloid  diseases.  The  biophysical  techniques  used  to  study  the 
peptides presented here are detailed below. 
 















CD = Al " Ar
                                                                                                          (Equation 1) 
Circularly polarised light is generated by superposing two out of phase waves of plane 
polarised  light oriented  perpendicular  to each  other. A phase difference of + or  ‐90° 
causes  the  electric  field  vector  to  rotate  in  a  circle,  i.e.  the  light  is  now  circularly 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Monochromatic  linearly  polarised  light  from  a  xenon  arc  lamp  is  turned  into 
alternatively right and left circularly polarised light by a photoelastic modulator (PEM) 
(Kelly and Price, 2000). The PEM consists of a piezoelectric element attached to a block 
of  silica. When  the  piezoelectric  element  is  driven  at  50  kHz  it  causes  the  silica  to 




polarisations  of  light  will  be  absorbed  to  different  extents  and  this  preferential 
absorption  is  detected  with  a  photomultiplier  tube  and  recorded.  As  the  circular 




Proteins  contain  chromophores  that  absorb  in  the  ultraviolet  (UV)  region  of  the 
electromagnetic  spectrum.  Typically  secondary  structure  (backbone)  measurements 
are made in the far‐UV region (180‐250 nm) where the peptide bond absorbs. Signals 





















The  transitions  that  are  seen  in  the  far‐UV  arise  primarily  from  the  peptide 
chromophore (figure 2.2).                                    











centred  at  around  220  nm.  The more  intense π →  π*  amide  transition  (figure  2.2b) 
occurs  at  around  190  nm  (Rodger  and  Norden,  1997).  The  energy  and  intensity  of 
these  transitions  depend  on  the  φ  and ψ  angles  in  the  peptide  bond  (figure  2.2c), 
hence they are affected by their conformational environment and therefore give rise 





















where  one  component  is  polarised  parallel  to  the  helix  axis  (208  nm)  and  the  other 
perpendicular  to  the  helix  axis  (190  nm)  (Bulheller  and  Hirst,  2009;  Rodger  and 
Norden, 1997). The positive band at 195 nm in a β‐sheet is from the π → π* transition 
(the exciton splitting  in this motif  is less significant than for α‐helices (Fasman, 1996) 
and  the  negative  band  near  215  nm  is  attributed  to  the  n →  π*  transition.  These 
transitions  are  depicted  pictorially  in  figure  2.2.  It  should  be  noted  that  despite  the 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There  are  some  side  chains  that  can  contribute  to  far‐UV  spectra,  for  example, 
arginine,  glutamine,  the  acidic  side  chains  and  the  aromatic  side  chains  (table  2.3) 
(Rodger and Norden, 1997). Despite  their  transitions being  stronger  than  that of  the 
peptide  backbone  they  are  often  not  detected  as  they  are  generally  in much  lower 
abundance than the peptide transitions. However, their occurrence can complicate CD 
spectra (Rodger and Norden, 1997). For example, positive CD bands in the 225‐235 nm 
region have been observed  for avidin  (Green and Melamed, 1966) while  calculations 

















the  conformational  changes  that  these  residues  may  experience  e.g.  more  mobile 
residues  will  show  a  lower  intensity  (Bulheller  et  al.,  2007;  Kelly  and  Price,  2000). 
















































Table  2.3.  Transitions  in  both  the  near  and  far‐UV  from  the  three  aromatic  residues  (Bulheller  and 
Hirst, 2009; Rodger and Norden, 1997). The transition energies are  calculated and have been verified 
experimentally  (Bulheller and Hirst, 2009). L  (near‐UV) and B (far‐UV, more  intense) represent the  low 









Experiments  in  the  near‐UV  are  less  common  than  far‐UV  and  information  can  be 
harder  to  extract  but  there  are  a  significant  number  of  examples  and  extensive 
research has been carried out into the theoretical basis and interpretation of near‐UV 
data  (Strickland,  1974).  Near‐UV  CD  analysis  on  bovine  pancreatic  ribonuclease 









CD  has  been  a  useful  tool  for  following  the  conformational  changes  that  occur  as 








CD  spectra  of  short  peptides  that  contain  aromatic  residues  often  show  significant 
differences  to  regular  CD  spectra.  CD  of  a  diphenylalanine  peptide  that  formed 
nanotubes showed positive bands at 197 nm (π → π* transition) and 220 nm (n → π* 
transition)  and  a  broad  negative  maximum  at  around  280  nm  that  was  thought  to 
come  from  the  aromatic  residues  (Gupta  et.  al.,  2007).  It  was  proposed  that  the 
phenylalanine  residues  were  stacked  in  the  nanotube  structure.  A  similar  spectrum 
had been observed previously for a peptide that was believed to form a β‐turn motif 
(Tinker  et  al.,  1988).    Similarly,  work  carried  out  on  the  peptide  KLVFF  which 
constitutes  residues  16‐20  of  Aβ  and  forms  amyloid  by  itself  gave  unusual  spectral 
characteristics with a peak at 198 nm and broader peak at 210‐220 nm (Krysmann et 
al.,  2008).  In  a  related  study,  AAKLVFF  gave  different  CD  spectra  depending  on  its 
preparation.  In  a  dried  film  it  gave  a  characteristic  β‐sheet  spectrum  whereas  in 
solution  the  negative  maximum  was  red‐shifted  to  228  nm  with  a  weaker  positive 
signal  at  209  nm,  generally  found  in  β‐turn  structures  (Castelletto  et  al.,  2009; 
Krysmann et al.,  2008). However,  the  spectrum  in  this  case was  interpreted  to arise 










generally  carried  out  on  isotropic  samples  i.e  there  is  no  directional  dependence. 
However,  some  systems  are  inherently  oriented  and  can  complicate  data 
interpretation by contributing a linear dichroism to the CD spectra, which is orders of 
magnitude  greater  than  CD  signals  (Davidsson  et  al.,  1980).  Amyloid  fibrils  could  be 
considered  to  be  an  inherently  ordered  system  and  therefore  spectra  may  not  be 
straightforward  to  interpret.  Furthermore,  amyloid  formation means  the  size  of  the 
aggregates  are  increasing which will  influence  the  amount  of  light  that  is  scattered 
away  from  the detector and  thus distort  the signal,  specifically  the PMT will mistake 
the scattered light for absorbed light and falsely increase measured absorbance (Ji and 
Urry,  1969).  In  addition,  particulate  systems  such  as  those  that  are  prone  to 
aggregation  often  exhibit  flattened  absorption  bands  (Duysens,  1956).  Absorption 
flattening occurs where the concentration of particles able to absorb light are reduced 
as  they  are  incorporated  into  the  aggregate,  thus  falsely  decreasing  measured 
absorbance  (Ji  and Urry,  1969).  Light  scattering  and  absorption  flattening  have  both 
been  previously  observed  to  affect  CD  spectra  by  imposing  a  red‐shift  on  observed 
minima and reducing intensity (Calloni et al., 2008; Castiglioni et al., 2007; Ji and Urry, 
1969;  Starck  and  Sutherland‐Smith,  2010;  Wallace  and  Mao,  1984).  An  example  of 










molecule  absorbs  polarised  light  at  different  wavelengths,  except  that  the  incident 
light  is  linearly  instead  of  circularly  polarised.  An  essential  requirement  of  an  LD 
experiment  is  that  the  sample  is  somehow  oriented,  either  naturally  or  during  the 
experiment, so that the light is linearly polarised both parallel and perpendicular with 




LD = A || "A#                                                                                                             (Equation 2) 
 
where  AII  is  the  absorbance  of  parallel  polarised  light  and  A⊥  is  the  absorption  of 
perpendicularly  polarised  light.  According  to  this  equation,  transitions  polarised 
parallel  to  the  axis  will  give  a  positive  band  in  an  LD  spectrum  and  those  polarised 
perpendicular  will  result  in  negative  bands  (Rodger  and  Norden,  1997).  When  a 
chromophore  in a molecule absorbs a photon of  light,  its energy  is  increased as  the 
radiation displaces the electronic arrangement from a lower starting level to a higher 
one  (Rodger  and  Norden,  1997).  This  redistribution  of  charge  is  defined  by  the 
transition moment in a molecule, which has a specific polarisation (the direction of the 
transition),  length  (proportional  to  the  square  root  of  the  absorbance)  and  intensity 
(Rodger  and  Norden,  1997).  Maximum  absorbance  occurs  when  the  transition 
moment is parallel to the propagation direction of the electric field component of the 





due  to  absorptions  that  are  polarised  perpendicular  and  parallel  to  the  axis 
respectively. A negative spectrum at 220 nm would come from an n → π* transition 
that  is  perpendicularly  polarised  with  respect  to  the  helix  axis.  Because  of  the 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that will aid  in their alignment. Plane polarised  light  is transmitted through the sample at parallel and 
perpendicular orientations to the fibre axis. The sample will absorb depending on the orientation of the 





dependent and  there are  characteristic  signals  representative of particular  structural 
elements.  However,  much  more  is  known  about  the  theory  behind  CD  and  how 
secondary  and  tertiary  structural  features  in  proteins  contribute  to  the  observed 
spectra  (Kelly  et  al.,  2005;  Schellman,  1975).  LD,  by  comparison,  is  an  emerging 
technique with initial studies being mostly carried out on DNA (Norden and Kurucsev, 
1994).  Its  use  in  studying  proteins  is  relatively  recent,  although  a  number  of  fibrous 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proteins  have  been  investigated  including  actin,  collagen  and  FtsZ,  as  well  as 
membrane  proteins  which,  by  being  membrane‐bound,  are  provided  with  an 
orientation  axis  (Dafforn  et  al.,  2004;  Dafforn  and  Rodger,  2004;  Marrington  et  al., 







transitions  are  at  the  magic  angle  of  54.7°  with  respect  to  the  axis  (Dafforn  and 
Rodger, 2004; Rodger et al., 2006; Rodger and Norden, 1997).  
 
To  quantitatively  characterise  the  orientation  of  the  chromophore  in  relation  to  the 
fibre axis and gain structural information the reduced LD (LDr) is calculated: 
 









= = = #                                                                Equation 3. 
 
where  A  is  the  absorbance  of  the  anisotropic  sample  i.e.  not  oriented,  S  is  the 
orientation factor which lies between 1 and 0 (1 being perfectly oriented and 0 being 
completely  random)  and  α  is  the  angle  between  the  transition  moment  and  the 




that  the  “real”  LD  spectrum  can  be  distorted  for more  concentrated  samples  by  as 
much  as  30  nm  (Bulheller  et  al.,  2007).  The  correct  spectra  can  be  determined  by 
reducing the concentration, which will either shift the peak to the correct position, or 
reduce  the  intensity  if  the  peak  is  already  in  the  right  place.  As  the  use  of  LD  has 
developed, algorithms similar to those used  in CD calculations have been established 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to  attempt  to  predict  LD  spectra  from  known  structures  (Bulheller  and  Hirst,  2009; 
Bulheller et al., 2007).  
 






from  a  higher  energy  state  to  a  lower  one  and  consequently  a  photon  is  emitted. 

























2.6). If  it  is excited to S2 the fluorophore will quickly drop to the S1  level  in a process 
called  internal  conversion.  Emission  then  results  from  the  fluorophore  relaxing  from 
the lowest vibrational energy level of S1 to, in most instances, the highest vibrational 
state in S0. Fluorophores may occupy different vibrational energy levels, illustrated by 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Fluorescence  normally  arises  from  aromatic  molecules.  In  proteins  phenylalanine, 






Phenylalanine  257  200  282 
Tyrosine  274  1400  303 
Tryptophan  280  5600  348 
 
 
Table  2.4.  The  three  aromatic  amino  acids  with  their  absorption  and  emission  maxima  and molar 




proteins  and  the  environment  of  the  residue.  Tryptophan  fluorescence  is  very 





inform of  the extent of burial of  the  residue  (Lakowicz, 1999). Tryptophan,  tyrosine, 
and  phenylalanine  fluorescence  have  all  been  used  to  investigate  the  assembly  of 
amyloid. Dusa et. al. mutated  tyrosine  39  in α‐synuclein  to  tryptophan, which has a 
much  higher  fluorescence  yield,  and  monitored  its  change  in  fluorescence  as  the 
peptide  aggregated  identifying  oligomeric  intermediates  that  existed  at  different 
stages of assembly (Dusa et al., 2006). Similar experiments have been carried out on 
β2‐microglobulin  (Kihara  et  al.,  2006)  and  Aβ  (Touchette  et  al.,  2010).  Although 
tryptophan  lends  itself best to fluorescence studies,  tyrosine fluorescence  in amyloid 













where  a  non‐fluorescent  complex  is  formed  between  the  quencher  and  the 
fluorophore,  as  in  the  case  of  self‐quenching  (Lakowicz,  1999).  Self‐quenching  can 
occur between groups in the same molecule, for example tryptophan can be quenched 
by  nearby  protonated  acidic  groups  i.e.  aspartate  or  glutamate  or  it  can  quench 




The  Stern‐Volmer  equation  is  used  to  describe  collisional  quenching  (Chen  and 
Edelhoch, 1975): 
 
F0/F = 1+KSV [Q]                    Equation 4. 
 
where F0 is the fluorescence intensity in the absence of any quenching agent, F is the 





Due  to  their  higher  fluorescence  yield,  tryptophan  and  tyrosine  are  generally  the 
protein  fluorophores  that  are  examined  using  quenching  methods.  A  number  of 
effective quenchers are known, including iodide, O2 and acrylamide (Eftink and Ghiron, 
1981).  Fluorescence  quenching  experiments  have  been  carried  out  previously  on 
amyloidogenic peptides to determine the solvent accessibility of particular regions of 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that  the  cross‐β  arrangement  forms  channels  that  are  able  to  accommodate  linear 
dyes  like ThT, thus giving  it  its specificity  (Biancalana and Koide, 2010). Observations 
from polarised fluorescence spectroscopy have indicated that the long axis of the ThT 
molecule is aligned parallel to the fibre axis (Krebs et al., 2005). ThT has shown to form 
micelles  and  it  is  these  that  bind  to  amyloid,  although  the  critical  micellar 
concentration  is not agreed upon and varies  from 4 µM (Khurana et al.,  2005)  to 30 
µM (Sabate et al.,  2008). Another  suggestion  is  that ThT does not  form micelles but 
excited  dimers,  termed  excimers,  that  are  able  to  bind  to  hydrophobic  channels  in 
amyloid  fibrils  (Groenning  et  al.,  2007a;  Groenning  et  al.,  2007b).  Electrostatic 
interactions  are  also  known  to  be  important  in  ThT  binding  and  its  affinity  is 
significantly reduced at low pH as positive net charges are likely to cause repulsion and 
therefore  reduce  fluorescence  emission  (Kelenyi,  1967;  LeVine,  1993).  These  ionic 
interactions  would  help  to  explain  the  occasional  cross‐reactivity  of  ThT  with  non‐
fibrillar  material  (Biancalana  and  Koide,  2010).  A  crystal  structure  of  ThT  bound  to 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globular  acetylcholinesterase  shows  the  dye  binding  in  an  α‐helical  hydrophobic 
pocket mediated by π‐π  stacking with tyrosine and tryptophan  residues (Harel et al., 
2008). However most models are consistent with ThT binding specifically to amyloid, 





it  is  now  considered  by  some  to  be  essential  in  defining  a  substance  as  amyloid 
(Nilsson, 2004). Thioflavin T is most often used to follow kinetics of amyloid formation. 
An excitation wavelength of approximately 450 nm is used and emission at ∼485 nm 
measured  over  time.  The  resulting  sigmoidal  curve  correlates with  species  observed 
using other methods, for example electron microscopy (figure 2.10).  
                                
Figure  2.10.  a)  Typical  plot  of  Thioflavin  T  fluorescence  against  time  as  fibres  assemble  b)  Typical 
corresponding EM images at each stage of assemble. In the initial rate‐limiting lag phase (stage 1) small 
oligomeric  species  assemble,  followed  by  protofibrils  (stage  2)  and  finally  mature,  full‐length  fibrils 
(stage 3). At this point there in no further increase in Thioflavin T fluorescence. Scale bars are 200 nm. 














experiments  must  be  carried  out  rapidly  to  avoid  fibril  dissociation  (LeVine,  1999). 
Furthermore, ThT has shown to be much more weakly fluorescent with short peptides, 
for example Aβ25‐35 which is known from EM to form amyloid‐like fibrils (LeVine, 1999). 
It  also  shows  great  sequence  specificity  and  the  presence  of  aromatic  residues,  in 
particular  tyrosine  and  phenylalanine  appear  to  promote  binding,  probably  through 
hydrophobic  interactions and π‐π  stacking  (Biancalana et al.,  2009; Wu et al.,  2009). 
Conversely, sequences that feature a high number of positively charged residues show 
a lower affinity for binding (Wu et al., 2009). 








not  amenable  to  X‐ray  single  crystal  crystallography  or  solution  NMR  studies.  Fibre 
diffraction enables structural elucidation whilst preserving the sample integrity, as no 











Much of  the diffraction  theory  relevant  to X‐ray  crystallography also applies  to  fibre 









symmetry  operations  to  generate  the  unit  cell  and  the  rest  of  the  crystal.  The 
symmetrical  relationships  between  molecules  within  a  crystal  are  described  by  a 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specific  space‐group.  The  most  common method  used  to  describe  a  space  group  is 
using  a  specific  notation  which  first  defines  the  centring  with  a  letter  and  then  a 
number  denoting  the  point  group.  The  point  group  may  be  further  annotated  to 
describe  the  presence  of  screw  axes.  There  are  14  Bravais  lattices  that  are  each 
included in one of 7 crystal systems, each of which is defined by particular vector (a, b 
and c) and angle arrangements. The screw axis  is  the rotation about an axis  i.e. how 





system,  in  this  case  this would be orthorhombic,  the properties of which are a≠b≠c, 
and α=β=γ= 90° (Blow, 2002).  
 
When  X‐rays  interact  with  a  crystal  some  will  scatter  due  to  interaction  with  the 




although  the  two are  closely  linked and hence can provide a  structure. The electron 








on  the  detector  is  described  by  Bragg’s  law  and  is  shown  in  figure  2.11.  The  figure 
shows two  incident,  in‐phase X‐ray beams of a particular wavelength (λ)  that diffract 
at  a  specific  angle  (θ)  off  atomic  planes  within  the  crystal  that  are  separated  by 




when  waves  are  in‐phase,  which  will  produce  a  spot  on  the  detector.  Waves  will 
constructively interfere when they are in phase by an integer number of wavelengths; 






wave) of the diffracted X‐ray wave. However,  the detector  is able to  record only the 










a*, b* and c*.  Therefore,  the  smaller  the unit  cell  (and  the  smaller  the protein),  the 
larger the distance between the spots. The reciprocal lattice vectors a*, b* and c* are 
related to the Miller  indices, h, k and  l, which specify the atomic plane  in the crystal 
lattice that produces a particular reflection. The atomic planes pass through the unit 










In  figure  2.12  unit  cells  are  shown  in  black,  and  the  atomic  planes  that  will  pass 
through the same part, and therefore the same atoms (hence “atomic plane”), of each 
unit  cell  are  in  yellow,  red,  green  and  blue.  The  yellow  planes  are  separated  by 
distance a  i.e one unit cell edge and, as this distance is related to the h indexing, are 




cell  edge along  the a  direction and also  the b  direction,  therefore  this  is  the  [1 1  0] 












the  resulting  diffraction  patterns  from  fibres  differ  quite  significantly  compared  to 
crystals.  
 
Figure. 2.13.  Schematic  showing X‐ray diffraction of  a)  crystals  and  b) a  bundle of aligned  fibres. M 
refers to meridional, E refers to equatorial.   
 
The obvious difference between the data that  is obtained  is  that arcs are present on 
the  detector  instead  of  spots.  This  is  because  in  a  fibre  the  order  is  not  three‐
dimensional,  as  it  is  in  a  crystal  (figure  2.13). Within  each  fibre  there  are  repeating 
units  that  are  bonded  in  a  regular  arrangement  along  the  length  of  the  fibre  axis. 
However, because fibres are not perfectly aligned along an axis, the spots are spread 
out over a wider area, forming arcs due to overlapping reflections (Makin and Serpell, 
2005b).  The  reason  fibres  are  aligned  is  to  try  and  introduce  more  order  into  the 
sample  that  is  being  analysed,  which  will  result  in  better  diffraction.  In  a  fibre 
diffraction  pattern  there  are  two  notable  reflections  that  show  symmetry.  The 
meridional reflection (M in figure 2.13b) contains information on the more crystalline 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figure  1.8),  with  directions  b  and  c  referring  to  the  sheet  spacing  distance  and  the 
chain length respectively. Therefore, the a dimension for a fibre can be determined by 
measuring  the  position  of  the  reflection  in  the  meridional  direction.  Indexing  the 
reflections in the equatorial direction may be more difficult as they are a combination 
































NH3+‐GNNQQNY‐COO‐ was purchased  in  lyophilised  form  from Pepceuticals  (Biocity, 
Nottingham) at > 97% purity. Stock solutions were made up  in MilliQ 0.2 µm filtered 
water at concentrations of between 0.57‐15 mg/ml. After addition of water, samples 










Essex, UK)  left  for 2 minutes. The grid was washed once using water and  negatively 





fitted  with  a  Gatan  Ultrascan  1000  CCD  camera  (Gatan,  Abingdon,  UK).  All 
measurements of EM images were made using ImageJ (Abramoff et al., 2004).  
 






fluorescence  emission  from  tyrosine measured  at  various  time points  using  a  Varian 
Cary  Eclipse  fluorimeter  (Varian,  Oxford,  UK)  using  an  excitation wavelength  of  278 
nm.  Fluorescence  intensities  at  305  nm  were  plotted  against  time.  Excitation  and 
emission  slits were  set  to 5 and  10  nm  respectively. The  scan  rate was 600  nm/min 
with  1  nm  data  intervals  and  an  averaging  time  of  0.1  s.  The  voltage  on  the 
photomultiplier tube was set to medium (600 v) and experiments were carried out in 
triplicate to confirm trends. The temperature was maintained at 20 °C using a peltier 




For  early  stage  species,  GNNQQNY  was  dissolved  in  water  to  a  concentration  of  2 
mg/ml. The peptide solution was applied to cleaved mica and then allowed to dry. For 
crystals, peptide was dissolved to a concentration of 2 mg/ml, incubated for 8 days to 
ensure  formation  of  crystals  then  diluted  1  in  5.  Peptide  solutions  were  applied  to 
cleaved mica and allowed to dry then imaged using 10 nm silicon nitride cantilever tips 
with  a  force  constant  of  0.06‐0.58  N/m  and  a  resonance  frequency  of  18‐57  kHz 
(Veeco,  Cambridge,  UK  and  µMasch,  San  Jose,  CA,  USA).  Early  stage  species  were 






Samples  were  prepared  as  for  tyrosine  fluorescence  and  fluorimeter  settings  were 
identical. The effect of quenching tyrosine fluorescence with acrylamide was observed 
on fibrils (after an incubation time of 0 hours) and crystals (after an incubation time of 










where  F0  is  the  fluorescence  intensity  in  the  absence  of  acrylamide,  F  is  the 
fluorescence  intensity  in  the  presence  of  acrylamide,  Q  is  the  concentration  of 
acrylamide  and KSV  is  the  Stern‐Volmer  quenching  constant  (Lakowicz,  1999).  Linear 




Lyophilised  peptide  was  dissolved,  centrifuged  and  the  concentration  of  the 






peltier  device  was  used  to  maintain  a  temperature  of  20  °C.  Scans  were  taken  in 
triplicate  and  the  data  averaged.  A  water  baseline  was  subtracted  and  cuvettes 
cleaned by washing before and after experiments with water, 2% Hellmanex (Hellma, 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Kinetic  LD  measurements  were  carried  out  on  peptide  that  was  freshly  solubilised, 




the  Synchrotron Radiation  Facility  ASTRID  at  the  Institute  for  Storage Ring  Facilities, 
University  of  Aarhus  (Aarhus,  Denmark).  Synchrotron  radiation  increases  the 
signal/noise  ratio  and  thus  allowed  rapid  scanning  required  for  samples  such  as 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amyloid  fibres  and  crystals  that  inherently  scatter  at  low wavelengths.  Spectra were 
measured from 350‐180 nm with 1 nm data steps (Dicko et al., 2008). A water baseline 





time points  this  sample was analysed  for  presence of  fibres,  crystals or a mixture of 
both using EM. Samples that contained fibres or a mixture of fibres and crystals were 
set  up  for  fibre  diffraction  by  placing  20  µl  of  solution  between  two  wax  filled 
capillaries and allowed to air‐dry at room temperature. The crystalline sample did not 









cell determination(Sumner Makin et al.,  2007). Diffraction patterns were  loaded  into 
the  program  and  centred  to  ensure  that  reflections  were  in  opposite  symmetrical 
positions. Diffraction settings were as follows: the sample to detector distance was 160 
mm  or  250 mm,  the wavelength was  1.5419  Å  and  the  pixel  size was  400 µm.  The 
program  then  measured  the  signal  positions  and  these  were  compared  to  those 
measured  by  hand  using  a  function  of  the  program.  Using  these  signal  positions, 
possible unit cells were generated. Initially guessed lattice vectors were defined as: a = 
4.69 Å, b = 15 Å, c = 25 Å based on expected unit cell dimensions and α=β=γ= 90°. a* 
was  defined  as  the  fibre  axis  and  b*  and  c*  were  optimised.  The  most  intense  d‐
spacings  (reflections) measured were  entered  and  a  unit  cell  calculated.  See  section 
5.2.4 for further information. 





patterns  using  published  unit  cell  dimensions.  Inputting  the  published  structural  co‐
ordinates  into  the  fibre  diffraction  analysis  program  CLEARER  generated  fibre 
diffraction  patterns  (SUMNER  MAKIN  ET  AL.,  2007).  The  fibre  axis  was  assigned  as 
parallel to the hydrogen bonding direction of the co‐ordinates ([0 1 0]) and the beam 





Reflections  from  the  calculated  diffraction  patterns  were  indexed  using  the  signal 
position  prediction  function  in  CLEARER  (Sumner  Makin  et  al.,  2007).  Diffraction 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and  K/R  variants  of  KFFEAAAKKFFE  were  a  gift  from  Dr.  Helen  Walden,  Cancer 
Research UK and were >95% purity. Peptide solutions were made up to concentrations 
of  between  5  and  20  mg/ml  in  either  milliQ  0.2  µm  filtered  water  or  phosphate 
buffered  saline  (PBS)  diluted  x10  (stock  PBS;  19 mM  sodium  dihydrogen  phosphate 
(NaH2PO4), 81 mM disodium hydrogen phosphate  (Na2HPO4), 1.5 M NaCl or NaF, pH 
7.4). Samples set up at pH 2 and pH 12 were dissolved  in  filtered 10 mM phosphoric 
acid  and  10 mM disodium  hydrogen  phosphate  (Na2HPO4)  respectively.  The  pH was 
measured prior to dissolution. After addition of water, samples were vortexed briefly 
and  centrifuged  for  5  minutes  at  13000  rpm  to  remove  any  preformed  aggregates 
using  an  Eppendorf MiniSpin® microcentrifuge  (Eppendorf  AG,  Hamburg,  Germany). 
Any pellet  that  formed was noted as present  then discarded. Due  to  the  lack of any 
tryptophan,  tyrosine  or  cysteine  residues  the  concentration  determination  of  these 
peptides is not possible by UV absorbance at 280 nm. The Bradford method of protein 
determination concentration, which is based on the shift in absorbance that occurs on 
the  binding  of  the  dye  Coomassie  blue  to  basic  and  aromatic  residues  in  proteins 
(Compton  and  Jones,  1985)  is  also  not  appropriate  as  the  aromatic  residue 





(Smith  et  al.,  1985;  Wiechelman  et  al.,  1988).  Therefore,  concentration  was 
determined  by  careful  weighing  out  of  the  peptide  using  a microbalance  (Sartorius, 
MA, USA) and calculating  the appropriate volume of  solvent  to be added  to achieve 










Lyophilised  peptide  was  dissolved  in  either  PBS  or  water  to  a  concentration  of  5 
mg/ml. Due to the interference of Cl‐ ions in circular dichroism measurements PBS was 
made using NaF  instead of NaCl. The supernatant was diluted to 0.5 mg/ml with the 






in  triplicate  and  the  data  averaged.  Buffer  or  water  baselines  were  subtracted  and 
cuvettes cleaned in between readings by washing with water, 2% Hellmanex (Hellma, 
Southend‐on‐Sea,  UK)  and  ethanol  then  air‐drying.  Only  data  recorded  with  an  HT 








Lyophilised  peptides were made  up  to  a  concentration  of  5 mg/ml  in  either  PBS  or 
water and diluted to 0.5 mg/ml with the same buffer that the peptide had originally 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been  dissolved  in.  Samples  were  placed  in  a  microvolume  cuvette  with  a  1  cm 
pathlength  and  fluorescence  emission  from  phenylalanine measured  at  various  time 
points using a Varian Cary Eclipse fluorimeter (Varian, Oxford, UK) using an excitation 
wavelength  of  265  nm.  Water  and  PBS  baselines  were  subtracted  from  the  data. 
Triplicate measurements were taken and averaged. Fluorescence intensities at 305 nm 
were  plotted  against  time.  Excitation  and  emission  slits were  both  set  to  5  nm.  The 
scan rate was 600 nm/min with 1 nm data intervals and an averaging time of 0.1 s. The 
voltage  on  the  photomultiplier  tube was  set  to  high  (800  v)  and  experiments were 
carried out  in triplicate to confirm trends. The temperature was maintained at 20 °C 
using a peltier device. Samples were agitated at 100 rpm for 7 days and then another 











Samples  were  placed  in  a  microvolume  cuvette  with  a  1  cm  pathlength  and 
fluorescence  emission  from  Thioflavin  T  measured  at  various  time  points  using  a 
Varian Cary Eclipse fluorimeter (Varian, Oxford, UK) using an excitation wavelength of 
450  nm.  Water  and  PBS  baselines  were  subtracted  from  the  data.  Fluorescence 
intensities at 485 nm were plotted against time. Excitation and emission slits were set 
to  5  nm  and  10  nm  respectively.  The  scan  rate  was  600  nm/min  with  1  nm  data 
intervals and an averaging time of 0.1 s. The voltage on the photomultiplier tube was 
set  to high  (800 v) and experiments were carried out  in  triplicate  to  confirm  trends. 
The  temperature  was  maintained  at  20  °C  using  a  peltier  device.  Cuvettes  were 








set  up  for  fibre  diffraction  by  placing  20  µl  of  solution  between  two  wax  filled 
capillaries and allowed to air‐dry at room temperature. The samples were placed on a 
goniometer head and data  collected using a Rigaku  rotating anode  (CuKα)  and Raxis 
IV++ detector  (Rigaku,  Sevenoaks, UK) with  specimen  to  film distances of either 160 



















axis  and  b*  and  c*  were  optimised.  The  most  intense  d‐spacings  (reflections) 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The medium was  aspirated  and  the  cell  layer was  rinsed with  10 ml  of  PBS  before 




A  few µl  of  this 20 ml  cell  suspension was applied  to a haemocytometer  in order  to 








The  total  number  of  cells  per  millilitre  was  calculated  by  multiplying  this  averaged 
number by 104. For a T175 flask, 1 x 106 cells were used.  
 
The  rest  of  the  20  ml  cell  suspension  was  transferred  to  a  universal  tube  and 
centrifuged  at  1500  rpm  for  5  minutes  before  aspirating  the  trypsin  and  medium 
supernatant  from  the  tube.  The  cell  pellet was  resuspended  in  20 ml  fresh medium 








after  trypsinisation  and  centrifugation was  resuspended  in medium  containing  10 % 
DMSO. Cells were frozen in cryotubes in aliquots of 1 ml (containing approximately 2x 





Frozen  cells  were  thawed  and  grown  to  80‐90%  confluence  and  split  as  described 
above.  A  number  of  1  x  105  cells/well was  used  for  seeding  into  a  96‐well  plate.  To 
calculate  the  volume  of  solution  to  add  to  each  well  the  number  of  cells  per  well 
required  i.e 1 x 105 was divided by the number of cells/ml  counted. The appropriate 
volume of  cell  suspension was added  to each well  (approximately 100 µl), using one 













PBS  was  added  to  non‐sterile  lyophilised  peptide  aliquots  to  a  concentration  of  5 
mg/ml.  As  the  purchased  peptide was  not  sterile  it  was  necessary  to  also  filter  the 
peptide  solution.  This  was  carried  out  by  firstly  washing  a  syringe  and  Whatman 
Anotop 0.1 µm filter (Sigma, UK) through with sterile PBS. The low volumes of peptide 
solution used  (< 300 µl) meant  that  the  solution had  to be pipetted  into  the  syringe 
and then pushed through the filter. The solution was agitated at 100 rpm for 7 days to 
ensure  the  formation  of  fibres.  Half  of  the  incubated  capped  sample  was  then 
sonicated for 20 minutes. The low concentration peptide was made up and added to 
cells  immediately  after  preparation.  In  each  case,  after  filtering,  samples  were 
prepared  for  electron microscopy  to  examine  the  nature  of  the  species  added.  The 





stage  species  prepared  immediately  before  the  experiment.  Peptides  were  diluted 
with  complete  medium  to  the  desired  concentrations  (10  µM  and  50  µM).  The 
































Electron micrographs of all  the amyloid  forming  peptides used  in  these experiments 
taken  immediately after dissolution  of  the peptide  indicate  that  they  start  fibrillising 
straight away. This has implications for concentration determination; protein that is in 
a fibrillar form is not the same as monomeric peptide i.e peptide  incorporated  into a 










formed  so  that  they  are  not  comparable  to  those  produced  under  physiological  or 
other  experimental  conditions.  Therefore,  obtaining  solutions  of monomeric  peptide 
to  measure  concentration  provides  a  significant  challenge  in  concentration 
determination of amyloid forming peptides. 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The  absorbance  at  280  nm  of  proteins  or  peptides  that  contain  either  tryptophan, 
tyrosine  or  cysteine  residues  can  be  measured  and  the  concentration  calculated 
according  to  the  Beer‐Lambert  law.  However,  when  using  short  peptide  sequences 





In  most  cases  in  structural  biology,  the  preferable  method  to  obtain  atomic  level 
structural  detail  of  proteins  at  high  resolution  is  X‐ray  crystallography.  One  of  the 
prerequisites  to  form  single  crystals  is  a  homogenous  solution  of  protein molecules. 
Amyloid fibrils are heterogeneous  in  length and are therefore theoretically precluded 
from  crystallisation.  However,  microcrystals  formed  from  over  30  amyloid  forming 
peptides have  shown to be amenable  to single crystal diffraction, although none are 
longer  than  7  residues  (Nelson  et  al.,  2005;  Sawaya  et  al.,  2007).  Attempts  at 
crystallising  the  12  residue  peptide  KFFEAAAKKFFE  and  variants  thereof,  as  reported 
here,  were  generally  unsuccessful,  possibly  due  to  the  length  of  the  peptide. 
Furthermore,  as  mentioned  previously,  obtaining  a  monomeric  solution  of  amyloid 




It  is  commonly  conceived  that  the  inherent  inability  of  amyloid  to  form,  large,  well 
ordered  three‐dimensional  crystals  has  been  a  limiting  factor  in  the  progress  of 
structural  determination and presents a problem across  the  field. However,  it  is not 
clear how relevant a crystal structure of amyloid would be to the fibril structure. For 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Making  crystals  from  amyloidogenic  peptides  may  not  therefore  be  as  essential  a 
prerequisite as initially thought. 








acid prion‐like protein Sup35  found  in  the yeast Saccharomyces  cerevisiae. Both  full‐
length  Sup35  and  the  glutamine  and  asparagine  rich  NM  (N‐terminal  and  middle) 
domain (residues 1‐253) form amyloid fibrils in vitro (Glover et al., 1997). To aid in the 
structural characterisation of fibrils formed from Sup35, short fragments, including the 
sequence  GNNQQNY,  were  prepared  that  formed  fibrils  and/or  microcrystals  with 
similar  properties  to  that  of  the  full‐length  peptide,  for  example  the  ability  to  bind 
Congo Red and ThT (Balbirnie et al., 2001; Nelson et al., 2005).  
 
Initial  studies on GNNQQNY produced  fibrils  (formed at a  concentration of 1 mg/ml) 
and microcrystals (formed at 10 mg/ml) (Balbirnie et al., 2001). The latter were subject 
to powder diffraction and data were interpreted to produce a structure in which there 
were  4  GNNQQNY molecules  per  unit  cell,  each  in  a  separate  β‐sheet.  The  strands 
within each sheet are parallel and the sheets are packed in an anhydrous manner. The 
polar N and Q side chains hydrogen‐bond together in what is termed an amide stack in 
the  fibre  axis  direction  forming  a  polar  zipper,  similar  to  that  suggested  for 
polyglutamine  proteins  that  form  amyloid  (Perutz,  1994;  Tsai  et  al.,  2005).  Together 
with  the  additional  hydrogen  bonds  between  the  backbones  of  each  peptide,  this 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Later  work  by  Diaz‐Avalos  et.  al.  built  upon  these  results  using  electron  diffraction 
(Diaz‐Avalos et al.,  2003). This group  reported  that at a  concentration of  less  than 5 
mg/ml  the  peptide  did  not  aggregate  even  after  an  extended  period,  at  10  mg/ml 
“clumps” formed that gave powder diffraction patterns and at 20 mg/ml and above a 
viscous gel formed consisting of fibres (table 4.1). These results highlight the difficulty 
in  reproducing  solutions  of  fibres  or  crystals  from  GNNQQNY;  the  previous 
experiments produced fibres at a concentration of 1 mg/ml whereas in this case there 
was  no  observable  aggregation  at  the  same  concentration  (table  4.1).  The 
microcrystals  were  examined  by  electron  diffraction  and  this  confirmed  that  the  β‐
sheets  i)  were  tightly  packed  with  hydrogen‐bonded  neighbouring  side  chains  ii) 
excluded water and iii) were parallel (Diaz‐Avalos et al., 2003).  
 
Reference  Fibres  Crystals  Other notes 
Balbirnie, 2001  1 mg/ml  10 mg/ml   
Diaz‐Avalos, 2003  >= 20 mg/ml (form in 
30 minutes) 
10  mg/ml  (form  in  1 
week) 
No  assembly  at  <  5 
mg/ml  after 1 year 
Nelson, 2005  ~400µM  (0.3  mg/ml) 





van der Wel, 2007  20‐25 mg/ml  10  mg/ml  (both  types 
although more monoclinic 
unless seeded) 
2  mg/ml  (less  crystals, 
orthorhombic) 












Whilst  powder  and  electron  diffraction  provide  information  on  the  packing  of  the 




Since  then,  other  short  (7  residues  or  less),  amyloid‐forming  peptides  have  been 
crystallised and their structure determined (Ivanova et al., 2009; Sawaya et al., 2007; 






are  that:  a)  both  fibrils  and  crystals  grow  under  the  same  conditions  and  are  often 
found to co‐exist in solution, and that the experimental fibril diffraction patterns and 
simulated  patterns  calculated  from  the  crystal  structures  share  similarities;  b) 
crystalline seeds of a short peptide (LVEALYL) are able to reduce the lag time for fibril 
growth  of  the  full‐length  peptide  to which  they  are  related  (insulin),  and  vice  versa 
(Sup35 is able to seed growth of GNNQQNY fibrils) and c) mutating residues within the 
segment  affects  fibril  formation  in  the  parent  protein  (Sawaya  et  al.,  2007).  A 
noteworthy feature of most of the crystal structures is the so‐called “steric zipper”, a 
term used to describe the tight  interdigitation of the peptide side chains due to their 





there  are  similarities  between  the  two  structures  there  are  also  some  striking 
differences.  The  two  crystal  forms  are  shown  in  figure  4.1  along  with  their 
measurements and the previously reported unit cells (table 4.2).  



















P  21  (β  nearly 
90°) 
(monoclinic) 































23.32  4.93  37.55  90.00  90.00  90.00 
 
Table 4.2. Summary of reported unit cell dimensions for microcrystals of the peptide GNNQQNY. a, b 
and c are given  in Å and α, β and γ are given  in degrees. The unit  cells  from the crystal structures for 
1YJP and 2OMM are in italics. 










hydrate  the  polar  residues  on  this  side  of  the β‐strand  (Nelson  et  al.,  2005).  It  was 
suggested  from  this  model  that  the  pair‐of‐sheets  that  formed  the  dry  interface 













code  2OMM).  This  structure  has  4  monomers  in  the  unit  cell  and  features  a  very 
similar dry  interface (steric zipper) to that  in the monoclinic structure (Sawaya et al., 
2007). However,  in  this  structure  the wet  interface  is much  less well  defined  and  it 




Solid‐state  NMR  measurements  on  GNNQQNY  fibres  and  crystals  showed  that  the 
peptide  could  adopt  a  number  of  conformations  (van  der  Wel  et  al.,  2007).  The 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preparation  methods  are  given  in  table  4.1  and  produced  fibres  and  both  types  of 
crystals.  These  assemblies  were  compared  to  the  previously  published  monoclinic 
crystal  form  1YJP  (the  orthorhombic  crystal  structure  2OMM  had  not  yet  been 
published). In the crystals the mobility of the tyrosine ring was shown to vary and was 
much  more  rigid  in  the  monoclinic  form,  as  might  be  expected  from  the  crystal 
structure.  The  attenuated  resonances  for  the  orthorhombic  form  indicated  that  the 
tyrosine ring  is able to undergo two‐fold  flips  in  these crystals and  is  therefore more 
mobile.  At  least  three  different  structural  forms  for  the  fibres  were  produced  (not 
distinguishable  by  EM)  depending  on  preparation  method.  In  addition  to 
concentration,  variables  included  temperature  (4‐30  °C),  pH  and  lyophilisation  and 
rehydration  of  the  sample.  Fibril  forms  1  and  2  were  not  similar  to  either  crystal 
structure  but  also  showed  some  deviations  from  each  other;  form  1  was  β‐sheet 
whereas  form  2 was more  consistent with α‐helical  structure.  It  was  proposed  that 
form  2  might  represent  oligomers;  previous  work  suggested  that  Sup35  oligomers 
were helical  (Narayanan et al.,  2006). Fibril 3, which was the  least abundant species, 
was also β‐sheet but showed most similarity to the monoclinic crystals. The two crystal 
structures were  very  alike  overall  but  showed  chemical  shift  differences  around  the 





using  simulations  (Berryman  et  al.,  2009).  However,  it  is  not  known  whether  the 
different NMR signals arise from different conformations within the same fibre or from 
three separate polymorphic structures in the same sample (van der Wel et al., 2007). 
Both  fibres  and  crystals  gave  narrow  line widths  on  their NMR  spectra  suggesting  a 
very  high  degree  of  order  at  an  atomic  level  for  both  species,  although  the  fibres 
would be macroscopically disordered (van der Wel et al., 2007).  
 




Elucidation of  the  first  crystal  structure of GNNQQNY,  the monoclinic  form 1YJP,  led 
Nelson et. al. to suggest three stages of assembly. In the first stage, β‐strands rapidly 
align to form a parallel β‐sheet (Nelson et al., 2005). The β‐sheets then associate more 
slowly  to  form  the  pair‐of‐sheets  structure  that  has  the  characteristic  dry  interface. 
Because  this association  is not well defined  it  is  conceivable  that  this  stage could be 
responsible for the polymorphisms seen for this peptide (Nelson et al., 2005; Sawaya 
et  al.,  2007;  van  der Wel  et  al.,  2007). Molecular  dynamics  simulations  verified  the 
stability of this structure even when it is composed of very few β‐strands, although the 
number  required  to  form  the  nucleus  varied,  and  some  results  suggested  the 
formation  of  antiparallel  oligomers  (Berryman  et  al.,  2009;  Esposito  et  al.,  2008; 
Esposito  et  al.,  2006;  Lipfert  et  al.,  2005;  Meli  et  al.,  2008;  Strodel  et  al.,  2007; 
Vitagliano et al., 2008; Wang et al., 2008; Zhang et al., 2008; Zheng et al., 2006). The 
formation of this nucleus is the rate‐limiting step to fibril formation and is proposed to 
account  for  the  lag‐phase  observed  for  most  amyloid  assembly.  After  this  unit  has 
formed,  peptides  can  add  on  more  efficiently  and  the  fibre  grows  rapidly.  Van  der 
Waals  interactions between the side chains of the steric zipper and the formation of 
backbone  hydrogen  bonds  and  amide  stacks  stabilise  the  structure  (Nelson  et  al., 













Figure 4.2.  Schematic  showing  the proposed  assembly  of GNNQQNY by Nelson et.al.  (Nelson et  al., 





ray  crystallography  and  therefore  provides  an  excellent  model  system  for  further 
investigation.  Although  the  previous work  shows  that  both  fibres  and  crystals  share 
the cross‐β arrangement (Nelson et al., 2005; van der Wel et al., 2007), it is not known 






static  view  and  would  miss  any  structural  changes  that  may  accompany  assembly. 
Understanding  the  conformational  changes  that  occur  as  amyloid  forms  is  as 
important as  structural  knowledge of  the  final polymorphs and may hold  the key  to 
elucidating  what  drives  assembly  and  how  to  interfere  with  it.  To  investigate  the 
assembly and structures of species observed on the pathway further, a combination of 
biophysical  techniques  were  used  to  characterise  the  assembly  and  structural 
relationships between GNNQQNY fibres and crystals. Previous reports in the literature 
describe  the  assembly  of  GNNQQNY  fibres  and  microcrystals  to  be  concentration 
dependent  phenomena  and  both  are  prepared  by  dissolving  the  peptide  in  water. 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Table  4.1  summarises  the  different  preparations  other  groups  have  used  to  obtain 
fibres and crystals. It is clear that there is no defined method for producing either form 
and  the concentrations  required vary greatly,  for example Nelson et. al.  report  fibril 
formation at 0.3 mg/ml whereas Diaz‐Avalos et. al. see no assembly at concentrations 




end‐point  structures  have  been  studied.  In  order  to  address  this,  at  each  of  the 
concentrations  tested, electron micrographs were  taken at a series of  time points  in 
order  to  follow  assembly.  Tyrosine  fluorescence  measurements  were  taken 
concurrently  with  the  EM  images  to  investigate  specifically  the  role  of  the  tyrosine 
residue  in  the  assembly  of  fibres  and  crystals.  Circular  dichroism  (CD)  and  linear 
dichroism (LD) spectroscopy were also used to probe assembly and the environment of 













the peptide was dissolved  in water  (figure 4.3),  therefore the concentration that was 
measured  immediately  after  dissolution  could  not  be  altered.  Attempts  to  keep  the 
peptide  in  a monomeric  state  using  other  solvents  proved  unsuccessful  (see  section 
3.3.1  and  figure  3.1).  As  soon  as  the  peptide  was  dissolved  the  concentration  was 
measured and experiments started with no further treatment of the peptide solution.  
 
For  all  concentrations  tested  between  0.5 mg/ml  and  10 mg/ml  fibres  form  initially, 
followed  by  crystals.  Figure  4.3i  and  ii  shows  electron  micrographs  of  fibres  and 
crystals at three concentrations and are representative of all concentrations tested up 
to 10 mg/ml. For the lower concentration shown (1 mg/ml) very few fibres were visible 
at  time  0,  probably  because  assembly  is  limited  by  low  peptide  concentrations. 
However,  even  at  <1 mg/ml  some  fibrillar material was  seen  at  time  0  in  almost  all 
cases,  despite  centrifugation  immediately  after  dissolution  to  attempt  to  remove 
preformed  aggregates  (data  not  shown).  At  5  mg/ml  assembly  is  apparently  much 
faster  and  long  fibres  can  be  observed  at  time  0  (figure  4.3b.i).  At  the  higher 
concentration of 10 mg/ml fibres can be seen to bundle at time 0 (figure 4.3c.i). In all 
cases  crystals  eventually  form  and  the  population  of  fibres  is  completely  depleted. 
Previous reports(table 4.1) show that the production of fibres compared to crystals is 
concentration  dependent,  although  the  exact  concentrations  and  times  required  for 
formation of either crystals or fibres vary between groups (Balbirnie et al., 2001; Diaz‐
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(figure  4.3iii).  van  der  Wel  et.  al.  produced  a  sample  that  was  a  mixture  of    both 
orthorhombic and monoclinic crystals (van der Wel et al., 2007). Over time, the NMR 
signal  that  arose  from  the  monoclinic  crystals  disappeared  indicating  a  structural 










1.0 mg/ml at  i)  time 0 and  ii)  after 168 hours b) 5.0 mg/ml at 1)  time 0 and  ii)  after 192 hours.  c) 10 
mg/ml at  i)  time 0 and  ii)  after 336 hours.  Tyrosine  fluorescence at 305 nm  for  each  concentration  is 
plotted on a log scale to show early time points more clearly and is shown in iii). The bars on the plots in 
iii  illustrate  the  decreasing  lag‐phase  with  increasing  concentration.  The  EM  images  shown  in  ii 
correspond  to  the  last  time  point  on  the  tyrosine  fluorescence  curves.  Fibrillar  species  are  observed 
during the exponential phase (see figure 4.5 for detailed EM analysis). Scale bars are 200 nm. 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The width of  fibres  is generally around 5‐10 nm although  lateral association of  fibres 
can be  seen  in  some samples prior  to  crystal  formation. These “ribbons” are around 
20‐60 nm, an example of this is given in figure 4.3c. The width of crystals varies but is 
generally  between  200  nm  and  400  nm.  Atomic  force  microscopy  measurements 
corroborated the results from electron microscopy (figure 4.4). AFM measurements on 
species  with  a  width  of  around  80  nm  (laterally  associated  fibres  or  ribbons)  are 
around  4  nm  (figure  4.4a),  consistent with measurements  on β2‐microglobulin  fibrils 
(Gosal  et  al.,  2005;  Xue  et  al.,  2009b).  The  height  of  the  crystals  is  around  10  nm 





Figure  4.4.  Atomic  force  microscopy  images  and  height  measurements  of  GNNQQNY.  a)  i)  Height 
image of thinner species and ii) cross section showing height and width measurements. b) i) Height and 









be  influenced  by  a  wide  number  of  external  factors,  for  example  agitation  during 
transportation, exposure to surfaces (different types of container or cuvette may have 
an  effect)  and  environmental  temperature  that  is  beyond  control.  This  observation 
correlates with  crystallisation experiments generally where  formation of  crystals  can 
be  promoted  or  hindered  by  many  unintended  influences  (McPherson,  1999).  The 











addition,  it  is possible  that not all monomer  is  incorporated  into  the  fibres,  and  this 
may  add  to  the  crystal  rather  than  fibres.  It  is  clear  that  there  is  a  concentration 
dependence and that high peptide concentrations results  in  faster  fibril  formation.  It 
may  be  that  over  time  the  fibrils  formed  at  15  mg/ml  would  convert  to  crystals, 
although  this  could  not  be  ascertained  during  the  course  of  these  experiments.  The 
crystals show characteristic features that distinguish them from other protein crystals 
grown  and  used  for  single  crystal  diffraction;  they  show directionality  as  one  axis  is 
significantly  longer  than  the  other  in  two  dimensions,  possibly  indicating  that  even 
though  the crystals are bigger  in  three  dimensions  compared  to  the  fibres,  they  still 
retain a  fibrous nature  i.e. bonding  is  favoured  in  the  fibre axis direction. Therefore, 
although  these  crystals  are  referred  to  as  such,  based  on  their  appearance,  ‘fibrous 
crystal’ is perhaps a more accurate term. Similar events have been observed previously 
in gelator systems where, fibres and crystals both formed from the same initial starting 










Sawaya  et  al.,  2007;  van  der Wel  et  al.,  2007).  In  particular,  tyrosine  showed  to  be 
mobile and MD simulations indicated that Y7A mutants of GNNQQNY had a decreased 
propensity to aggregate (Gsponer et al., 2003; van der Wel et al., 2007). The role of the 




to  changes  in  the environment of  the  tyrosine  residue as  the crystals  form a  sample 
was  prepared  that  did  not  form  crystals  in  the  same  time  period  and  its  tyrosine 
fluorescence also measured. Previous studies had shown that at higher concentrations 
it was  less  likely  that  crystals would  be  the  predominant  species  (Diaz‐Avalos  et  al., 
2003; van der Wel et al., 2007) so a concentration of 15 mg/ml was monitored by EM 
and did  remain as  fibres  in  this  time  frame. This  is  shown  in  the  figure below, along 







phase  up  to  3  hours  at which  time  the  intensity  starts  to  increase.  At  72  hours  EM 
images show the presence of crystals only and it is at this time point that the tyrosine 
fluorescence  no  longer  increases  and  remains  constant.  Similar  results  are  seen  for 
concentrations up to 10 mg/ml with tyrosine fluorescence showing a lag phase, then a 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results  observed  here  (Maji  et  al.,  2005).  However,  the  assembly  of  this  peptide  is 
much  slower  than  GNNQQNY  (the  time  course  was  over  several  days)  and  the  lag 
phase  was  attributed  to  small  oligomeric  intermediates,  with  the  increase  in 
fluorescence coinciding with the formation of fibrillar material, as corroborated by CD 
experiments (Maji et al., 2005). This work supports the conclusion that an increase in 
tyrosine  fluorescence  coincides  with  a  structural  rearrangement,  in  this  case  the 
formation of crystals. Indeed, if it were possible to measure tyrosine fluorescence on a 
much‐reduced  time‐scale  for  the  concentration  used  in  these  experiments,  a  two‐
stage assembly might be apparent as smaller species are depleted and fibres form, and 
then  crystals  at  later  time  points.  These  results  therefore  show  that  the  tyrosine 
residue  becomes  more  buried  as  crystals  form.  To  corroborate  this,  acrylamide 



























which  this  occurs  is  unknown  (Cowgill,  1975).  Locating  the  tyrosine  in  a  buried, 
hydrophobic environment will have the same effect of alleviating quenching (Cowgill, 
1975). The  tyrosine  is  located at  the C‐terminus of  the peptide; as  crystals  form  it  is 
likely that this residue will become buried and therefore less solvent exposed. Changes 







4.2.2. Probing  the  structure  of  the  fibres  and  crystals  and  the  conformations 
accessed by the tyrosine residue using circular and linear dichroism 
The  results  from  tyrosine  fluorescence  and  acrylamide  quenching  suggest  that  the 
tyrosine is undergoing a conformational change as crystals form. To further investigate 
any  structural  rearrangements  that  may  be  taking  place  as  crystals  form,  circular 



















4.7b.  In  order  to  orient  the  fibres  or  crystals  the  sample  is  rotated  in  a  Couette  cell 
(figure  4.7b  schematic).  This  aligns  the  sample  so  that  the  long  axis  of  the  fibre  or 
crystal  is  oriented  with  the  flow  direction.  Transition  dipole  moments  within  the 











(CD)  or  0.2 mg/ml  (LD)  (dilution  was  required  to  reduce  absorbance  and  light  scattering  effects  that 
would  prevent  sufficient  light  reaching  the  detector  at  lower wavelengths).  The  schematic  shows  the 
alignment of fibres or crystals  in a Couette cell and the amide backbone transition moment at 195 nm 
perpendicular to the β‐strands but parallel to the long axis of the fibre or crystal. 
      Chapter 4 
 
113 









Inherent  alignment  of  GNNQQNY  crystals  that  were  subject  to  CD  was  further 
investigated by measuring LD at a range of tilt angles from a sample  in a CD cuvette. 
Crystalline  samples were positioned  in  the  holder and an LD  scan  taken. This gave a 
spectrum  that  showed  similar  maxima  to  the  samples  aligned  in  the  Couette  cell 
(figure.  4.7),  except  the  signals were  inverted  i.e. were  negative  instead  of  positive. 
This  inversion  is due to the  long axis of the crystals being oriented at 90°  to those  in 
the  previous  experiment.  To  demonstrate  the  directional  nature  of  LD  signals,  this 
inherently  aligned  sample  was  rotated  through  90°  with  readings  taken  at  10°  tilt 
intervals. The resulting spectra are shown in figure 4.8. 
 




Figure 4.8.  LD  spectra  from an  inherently  aligned  sample of GNNQQNY  crystals at  10°   interval  tilts. 
















where A  is absorbance, S  is  the orientation parameter that defines how oriented the 
fibrils are (S=1 describes a perfect orientation and 0 is randomly oriented) and α is the 





LD  signal  reaches  near  zero.  This  illustrates  how  the  orientation  of  the  sample  can 
affect LD (and in this case CD) signals and that an aligned sample is required in order to 











were  shifted  from  the  LD  spectra  obtained  using  Couette  flow  alignment  (195  nm) 
measured at 0.2 mg/ml (figure 4.7b). Higher concentrations are generally required to 
achieve  alignment  in  the  absence  of  flow.  At  these  raised  concentrations  the 




can result  in a  ‘false’ peak being created at an  incorrect, higher wavelength (Hicks et 
al., 2010). The spectrum shown  in figure 4.7b was more dilute to avoid these effects 
and  can  be  considered  ‘correct’.  These  low  wavelength  data  support  a  cross‐β 
structure for crystals of GNNQQNY.  
 
Shear‐flow  LD,  the most  common method used  for  LD measurements  as  it  provides 
effective alignment in dilute solution (figure 4.7b), was used for further experiments to 
obtain directional  information on how  the  features observed  in  the previous  spectra 
develop  over  time  as  crystals  form  and  fibrils  are  depleted.  LD  has  been  used 
previously  on  fibres  formed  from  the  22  residue  K3  peptide  fragment  of  β2‐




the  importance  of  the  tyrosine  residue  in  the  structure  of  GNNQQNY  and  drew 
attention to  its mobility  (van der Wel et al.,  2007). To  investigate this  further a time 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course experiment was  carried out on  the peptide using  linear dichroism  to monitor 
any  conformational  changes,  in  particular  in  the  tyrosine  residue.  The  peptide  was 
dissolved at a  concentration of  2 mg/ml  to ensure  that  the data  could be compared 
with  other  experiments  carried  out  previously.  This  concentration  increased 














line).  Generally,  the  signal  increases  as  time  proceeds,  which  correlates  with  the 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lengthening  and  increased  alignment  of  fibres  and  crystals  induced  by  the  Couette 
flow. This is consistent with the increase in light scattering that results in the increase 
in the baseline signal. At wavelengths where there is no absorbance (e.g. 300‐320 nm) 
the baseline  should  be  zero. The  increase of  the  sloping baseline with  time at  these 
wavelengths means  that  the  particles  are  increasing  in  size  and  therefore  scattering 
more  light  away  from  the  detector,  which  the  instrument  cannot  distinguish  from 
absorbance.  It  was  not  possible  to  accurately  correct  for  light  scattering  in  this 
instance, therefore positive and negative signals are regarded as such with respect to 
this  baseline.  The  aromatic  peaks  at  around  280  nm  are  clear  in  the  spectra.  From 
previous EM studies at this concentration (2 mg/ml)  it  is known that at time 0 fibres 
will be present. It should be noted that subjecting the sample to Couette flow from the 
initial  time point  is  probably  responsible  for  speeding up  fibre and crystal  formation 
(Hill et al., 2006) and at the final time point of 504 minutes only crystals are observed 
(figure  4.9  inset),  much  earlier  than  for  the  quiescent  samples  used  in  previous 
experiments.  
 
The  maxima  at  218  nm  arise  from  the  n‐π*  backbone  transition  and  the  longer 
wavelength  signals  are  from  the  tyrosine  residues.  As  mentioned  previously,  the 
aromatic signals at ∼280 nm suggest that the tyrosine residues are ordered within the 
fibres and crystals.  Figure 10a  shows  the LD  signal  from  the aromatic  region  for  the 
first 10 scans (0 – 80 minutes).  
 








be observed. Close  inspection  of  the near‐UV aromatic  region  shows  splitting  of  the 
280  nm peak  that  occurs when  tyrosine  residues  are  in  close  proximity,  in  this  case 
either because they are located close to each other in the fibre axis direction and are 
stacked  on  top  of  one  another,  or  potentially  from  proximity  in  the  sheet  spacing 
direction.  In addition, an  inversion of the aromatic signal  (figure 4.10  inset) reveals a 
flip  in  the  orientation  of  the  tyrosine  residue with  respect  to  the  fibre  axis.  As  this 
signal  depends  on  the  directional  nature  of  the  tyrosine  residues  it  can  be  deduced 
that  inversion  corresponds  to  a  change  in  the  orientation  of  the  tyrosine  side  chain 
under conditions that lead to the development of crystals, consistent with other data 


















In order  to  investigate  the assembly of GNNQQNY  into  fibres and crystals, based on 
previous reports, concentrations of peptide  in water were prepared ranging from 0.5 
to  15  mg/ml  and  their  assembly  monitored  by  EM  and  tyrosine  fluorescence.  EM 
showed  that  at  concentrations  up  to  10 mg/ml  fibres  form  initially,  followed by  the 
appearance  of  crystals  and  eventually  there  is  a  complete  depletion  of  fibrillar 
material.  This  suggests  that  crystals  are  the most  stable  form GNNQQNY  can  adopt, 
although  the  crystals  do  retain  some  fibril‐like  features.  Tyrosine  fluorescence 
experiments  carried  out  alongside  EM  show  a  change  in  fluorescence  intensity  as 
crystals form from fibres. At 15 mg/ml, no crystals, only fibrils, formed in the time scale 
monitored, which provided a control sample. The lag phase seen at earlier time points 
corresponds  with  a  population  of  fibres  and  is  shortened  with  higher  peptide 
concentrations.  An  increase  in  intensity  is  concurrent with  a  depletion  of  fibres  and 
appearance  of  crystals.  Eventually  tyrosine  fluorescence  reaches  a  plateau  where 
crystals  only  are  observed  in  EM  images.  These  results  show  that  tyrosine  is  more 
solvent  exposed  in  the  fibrils  than  in  the  crystals,  corroborated  by  acrylamide 
quenching experiments that gave higher KSV values for fibres. Further investigation into 
the change  in environment of  the  tyrosine  residue using  LD  revealed an  inversion of 
the LD  signal.  This suggests  that the  tyrosine  residue undergoes a  flip  in orientation, 
again coinciding with the change from fibres to crystals. CD experiments on crystals of 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GNNQQNY  gave  unusual  spectra  that,  after  carrying  out  LD  experiments,  were 
interpreted  as  being  due  to  overpowering  LD  contributions,  as  the  LD  signal  from 
GNNQQNY crystals was remarkably similar. These results show that GNNQQNY is able 
to  convert  from  one  species  to  another,  and  that  this  conversion  appears  to  be 
associated with a change in conformation of the tyrosine residue, resulting in different 
underlying structures between GNNQQNY polymorphs. 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5. RESULTS  AND  DISCUSSION:  Comparison  of 
experimental  and  calculated  fibre  diffraction  from 
GNNQQNY  
5.1. Introduction 







in  particular  around  the  tyrosine  residue,  along with  evidence  of multiple  structural 
forms from solid‐state NMR experiments (van der Wel et al., 2007) prompted further 
investigation into the structures of fibrils and crystals observed in the previous chapter 
using  fibre  diffraction.  Firstly,  experimental  fibre  diffraction  was  carried  out  on 
partially  aligned  fibres,  crystals  and  a mixture  of  both  species.  Although  crystals  are 
referred  to as  such,  compared  to  crystals generally used  for  single  crystal diffraction 
those  formed  by  GNNQQNY  are  significantly  smaller  and  their  size  made  in‐house 








crystals  (at  late  time  points)  or  a mixture  of  both.  Each  of  these  preparations were 
placed in an X‐ray beam and the resulting diffraction patterns are shown in figure 5.1. 
Reflection  positions  in  the  diffraction  patterns  were  measured  using  the  program 
CLEARER  (Sumner  Makin  et  al.,  2007)  (see  section  3.1.8  for  further  details).    As 
expected, all three patterns show reflections typical of a cross‐β arrangement, with a 
strong meridional  reflection  at ∼4.75 Å  representing  the  hydrogen‐bonding  distance 
between the β‐strands in the fibre axis direction. The characteristic cross‐β equatorial 
reflections at around 10 Å thought to arise from the distance between the β‐sheets are 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 Crystals  Mixture  Fibres 
Equatorial (Å)  ‐  ‐  31.30 
  19.66  ‐  ‐ 
  ‐  19.27  ‐ 
  14.80  ‐  ‐ 
  ‐  13.70  13.72 
  11.43  ‐  ‐ 
  9.89  9.88  ‐ 
  ‐  ‐  9.22 
  9.06  ‐  ‐ 
  ‐  ‐  7.87 
  7.44  7.42  ‐ 
  5.69  ‐  ‐ 
  5.47  5.49  ‐ 
  ‐  ‐  5.21 
  4.93  ‐  ‐ 
  4.82  ‐  ‐ 
  4.54  ‐  ‐ 
  4.31  ‐  ‐ 
  4.02  ‐  ‐ 
Meridional (Å)  4.75  4.72  4.75 
  ‐  ‐  4.30 
  ‐  ‐  3.93 
  3.50  ‐  ‐ 




same  row, a dash  indicates no  similar  reflection was present. Numbers  in bold are  indicated  in  figure 
5.1.  
 
The  sharpness  of  reflections  decreases  from  crystals  through  to  fibres,  as  would  be 
expected  for  samples  that  have  increasingly  shorter  coherence  lengths,  therefore 
making analysis somewhat less accurate for these samples. Coherence length refers to 
the  length of a crystallite  (ordered unit). When there  is a  long coherence  length and 
crystallites are ordered over a long range, a reflection will be very intense and sharp. In 
a fibre, there will be most order along the length of the fibre axis where the β‐strands 
stack on top of each other, and  longer  fibres will obviously have  longer‐range order. 
This means that for a fibrillar sample, there will generally be sharper reflections on the 
meridian  compared  to  the  equator,  as  the  meridian  corresponds  to  the  fibre  axis 
direction. Crystalline  samples will have  longer  coherence  lengths  in not only  the axis 
direction  but also  laterally,  and  therefore  both meridional and equatorial  reflections 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will be  strong and  sharp.  It  should be noted  that although  for purposes of  simplicity 
the  term  “crystal”  is  used,  in  fact  the  crystals  of GNNQQNY  are  not  as  ordered  as  a 
protein  crystal  that undergoes  single  crystal diffraction might be. This observation  is 






compared  to  the  meridional  direction.  However,  approximate  positions  can  still  be 
determined. Table 5.1 lists the equatorial and meridional reflections measured in each 
sample.  These measurements  can  give  structural  information  on  the  species  in  each 
sample  as  they  correspond  to  particular  distances  that  are  repeated  throughout  the 
fibre or crystal. For example, low‐angle reflections i.e. those closer to the centre of the 
diffraction pattern, relate to long‐range repeats in structures and arise from the chain 
length  or  width  of  protofilaments.  On  the  meridian,  low  angle  reflections  may 
represent regularly spaced twists whereas on the equator they are likely to come from 
sheet  spacing  or  chain  length  i.e  width  of  protofilaments.  Other  reflections  in  the 
meridional direction will give detail on repeating units in the direction of the fibre axis 
i.e.  the  hydrogen  bonding  arrangement  of  the  β‐strands.  Similarly,  spacings  in  the 
equatorial direction will correspond to spacings in the other two dimensions (between 






most  intense  equatorial  reflections  in  the  crystals, mixture  and  fibre  samples  are  at 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than the fibre. Although the strongest reflection in the mixture is more consistent with 
the crystals,  there  is also an equatorial spacing similar to that  in the fibres at 13.7 Å, 
showing that this sample contains both polymorphs. It is likely that the reason for the 
9.88  Å  reflection  being  more  intense  in  the  mixture  sample  is  because  the  more 
ordered crystalline species give more intense reflections. Overall, all of the reflections 
in the mixed sample appear to be a combination of those from the crystals and fibres. 




In  order  to  compare  the  fibre  diffraction  patterns  obtained  experimentally  with  the 
published crystal structures, the pdb co‐ordinates from the published structures 1YJP 
(Nelson et al., 2005) and 2OMM (Sawaya et al., 2007) were used to generate simulated 
fibre  diffraction  patterns  using  the  program  CLEARER  (Sumner  Makin  et  al.,  2007) 
(figure  5.2  and  table  5.2).  In  order  to  calculate  a  diffraction  pattern,  firstly  the 
minimum  unit  (distinct  from  the  unit  cell)  required  to  recreate  the  correct  packing 











generated  with  and  without  water  molecules  present,  although  this  was  found  to 
make no difference to the resulting simulation.  
 




(see  appendix  iii  and  iv  for  lists).  Using  this  list,  the  observed  reflections  can  be 
identified and  indexed, which would give detail on where particular reflections come 
from  in  a  known  structure.  This  allows  a  more  complete  examination  of  the 
experimental  data  and  will  also  help  to  determine  the  relationship  between  fibre 
diffraction patterns and crystal structures.  
 
Figure  5.2.  Calculated  fibre  diffraction  patterns  and  corresponding  models  of  GNNQQNY  crystal 




























Equatorial (Å)  22.6  [0 0 1]  22.44  ‐  ‐  ‐ 
  ‐  ‐  ‐  19.6  [0 0 2]  18.77 
  18.0  [1 0 0]  20.97  ‐  ‐  ‐ 
  ‐  ‐  ‐  14.44  [1 0 2]  14.62 
  13.8  [1 0 1]  13.48  ‐  ‐  ‐ 
  ‐  ‐  ‐  11.5  [2 0 0]  11.66 
  11.2  [0 0 2]  11.22  ‐  ‐  ‐ 
  ‐  ‐  ‐  9.3  [0 0 4]  9.39 
  8.9  [1 0 2]  8.87  ‐  ‐  ‐ 
  ‐  ‐  ‐  7.5  [3 0 1]  7.61 
  7.3  [0 0 3]  7.48  ‐  ‐  ‐ 
  6.5  [1 0 3]  6.47  ‐  ‐  ‐ 
  ‐  ‐  ‐  6.2  [0 0 6]  6.25 
  5.8  [0 0 4]  5.61  ‐  ‐  ‐ 
  5.4  [2 0 3]  5.39  5.5  [2 0 6]  5.51 
Meridional (Å)  ‐  ‐  ‐  4.85  [0 1 1]  4.89 
  4.75  [0 1 1]  4.76  ‐  ‐  ‐ 
 
Table  5.2.  Reflection  positions measured  and  indexed  from diffraction  patterns  calculated  from  co‐




Analysis  of  the  reflections  reveals  clear  differences,  as  would  be  expected  from  the 
variations  in  the  two  structures,  which  crystallise  in  different  unit  cells  and  space 
groups and show different side chain packing, with particular differences around the 
tyrosine  residue  (Nelson  et  al.,  2005;  Sawaya  et  al.,  2007).  Using  CLEARER,  it  was 
possible to index the reflections in the calculated patterns, as the unit cell dimensions 
are known. 1YJP crystallises in a monoclinic P21 space group. According to the unit cell 
for 1YJP,  the a direction  is defined as  the  sheet  spacing  (21.94 Å), b  is  the  fibre axis 
direction and  is 4.87 Å and c  is  the chain  length  (23.48 Å). However, because of  the 
non‐90°  β  angle,  these  positions  change  slightly  when  indexed.  Therefore,  [1  0  0], 
instead of being 21.94 Å  is actually at 20.97 Å.  Similarly,  [0  0 1],  instead of being at 
23.48 Å is at 22.44 Å. Both of these reflections are present in the simulation, although 
there is some error. This is because in addition to the information given by the unit cell 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dimensions  the  structure  will  also  have  an  impact  on  the  resulting  reflections. 
Furthermore, low angle reflections are more prone to error than those at high angles. 
For  this  space  group,  there  will  be  systematic  absences  at  odd  [0  h  0],  which 
corresponds  to  the  fibre  axis  direction  in  the  model.  This  means  that  the  4.87  Å 
reflection indexed as [0 1 0] (this spacing is not changed because the non‐90° β angle 
lies  between  the a  and  c  axes,  therefore  the  b  axis  is  not  affected)  in  the  list  (see 
appendix  iii) would not be expected to be present on the simulation, which  it  is not. 
The  meridional  reflection  on  the  1YJP  calculation  is  measured  as  4.75  Å,  which  is 
indexed as an off‐meridional [0 1 1]. Therefore, the meridional reflection observed for 
the  calculated  diffraction  pattern  is  not  actually  representative  of  the  “real”  spacing 
between the β‐strands.  
 
For  the  2OMM  calculation,  the  dimensions  defined  by  the  unit  cell  are  identical  to 
those predicted because  in this case the unit cell  is orthorhombic and therefore α, β 
and  γ  angles  are  all  90°. However,  because  of  the  space  group  (P212121),  systematic 
absences would be expected at odd [h 0 0], [0 k 0] and [0 0 l]. This explains why the 
reflections  indexed  as  [1  0  0]  (23.32  Å,  the  a  dimension),  [0  1  0]  (4.93  Å,  the  b 




The  “real”  meridional  spacings  measured  in  the  crystal  structures  using  PyMOL  are 
identical to the b dimensions for both structures, as would be expected from their [0 1 
0]  indexing.  However,  these  distances  (4.87  Å  and  4.93  Å  in  1YJP  and  2OMM 
respectively)  are  somewhat  larger  than  is  typically  expected  for  amyloid  structures, 
which  are  commonly  around  4.76  Å.  This  may  reflect  a  slightly  different  packing 
arrangement  in the crystals compared to how the peptides would be positioned  in a 
fibril.  The equatorial  reflections come from sheet spacings and chain  length and also 
differ between the two structures. Classically, in experimental patterns, the reflection 
with  the  highest  intensity  on  the  equator  is  at  around  10‐11  Å,  depending  on  side 
chain composition and packing. In both unit cells the sheet spacing is in the c direction. 
In  the  two  simulations  the  reflections  are  at  11.2  Å  (indexed  to  0  0  2])  and  9.3  Å 
      Chapter 5 129 
(indexed to [0 0 4]) in 1YJP and 2OMM respectively. The structures of 1YJP and 2OMM 
with their unit cells overlaid are shown below. 













structural  rearrangement  is  taking  place  on  the  assembly  pathway.  A  comparison  of 








      Chapter 5 130 
 
  1YJP  2OMM  Crystals  Mixture  Fibres 
Equatorial (Å)  ‐  ‐  ‐  ‐  31.30 
  22.6  ‐  ‐  ‐  ‐ 
  ‐  19.6  19.66  19.27  ‐ 
  18.0  ‐  ‐  ‐  ‐ 
  ‐  14.44  14.80  ‐  ‐ 
  13.8  ‐  ‐  13.70  13.72 
  ‐  11.5  11.43  ‐  ‐ 
  11.2  ‐  ‐  ‐  ‐ 
  ‐  ‐  9.89  9.88  ‐ 
  ‐  9.3  ‐  ‐  9.22 
  8.9  ‐  9.06  ‐  ‐ 
  ‐  ‐  ‐  ‐  7.87 
  ‐  7.5  7.44  7.42  ‐ 
  7.3  ‐  ‐  ‐  ‐ 
  6.5  ‐  ‐  ‐  ‐ 
  ‐  6.2  ‐  ‐  ‐ 
  5.8  ‐  ‐  ‐  ‐ 
  ‐  ‐  5.69  ‐  ‐ 
  5.4  5.5  5.47  5.49  ‐ 
  ‐  ‐  ‐  ‐  5.21 
  ‐  ‐  4.93  ‐  ‐ 
  ‐  ‐  4.82  ‐  ‐ 
  ‐  ‐  4.54  ‐  ‐ 
  ‐  ‐  4.31  ‐  ‐ 
  ‐  ‐  4.02  ‐  ‐ 
Meridional (Å)  ‐  4.85  ‐  ‐  ‐ 
  4.75  ‐  4.75  4.72  4.75 
 





1YJP.  The  difference  between  the  hydrogen  bonding  dimensions  in  the  two  crystal 
structures is 0.06 Å; at the resolutions determined for these structures (1.8 Å for 1YJP 
and 2.0 Å for 2OMM) this is not significant and within experimental error compared to 
the  experimentally  determined  reflections.  Therefore,  no  further  analysis  was 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spacing at the wet interface of approximately 15 Å in 1YJP not present in 2OMM which 
is  more  tightly  packed.  This  spacing  would  affect  the  structure  and  the  resulting 
simulation and as the equatorial  reflections do not match to 1YJP as well  it could be 
conceived that for our samples 2OMM is the predominating crystal form. Importantly, 
the equatorial  reflections  in  the diffraction patterns  from  fibres do not match either 
simulation well  (only  one  shared  reflection with  both  simulations).  In  particular  the 
strong 13.7 Å reflection is missing in both 1YJP and 2OMM, perhaps corroborating the 





to  calculate  unit  cells  that  could  be  further  compared  to  the  previously  published 
structural data (see table 4.2). For the unit cell optimisation, vector b was defined as 
the fibre axis and was set to 4.69 Å.  The  length of the peptides  in both structures  is 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Table 5.4 CRYSTALS. Unit cell prediction: a= 4.69 Å, b=19.68 Å,  c= 22.82 Å 
Miller indices  d‐spacings (Å)  Error 
h  k  l  Calculated  Empirical  % 
1  0  0  19.68  19.66  ‐0.09 
1  0  1  14.90  14.80  ‐0.70 
0  0  2  11.41  11.43  0.14 
1  0  2  9.87  9.89  0.17 
2  0  1  9.03  9.06  0.27 




h  k  l  Calculated  Empirical  % 
1  0  1  13.67  13.72  0.32 
0  0  3  9.20  9.22  0.17 
2  0  0  7.87  7.87  ‐0.01 
1  0  5  5.21  5.21  ‐0.02 
 
Tables  5.4  and  5.5.  Calculation  of  unit  cells  for  crystals  and  fibres  of GNNQQNY  from  experimental 
fibre diffraction data.  
 
The  unit  cells  and  indexings  are  compared  to  the  previously  published  unit  cell 
dimensions in the tables below. 









P  21  (β  nearly 
90°) 
(monoclinic) 





































CRYSTAL  FD    19.68  4.69  22.83  90  90  90 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1YJP  2OMM  [h k l]  Crystals  Fibres 
20.97  23.32  [1 0 0]  19.66  ‐ 
13.48  19.81  [1 0 1]  14.80  13.72 
11.22  18.72  [0 0 2]  11.43  ‐ 
8.87  14.62  [1 0 2]  9.89  ‐ 
8.53  11.13  [2 0 1]  9.06  ‐ 
6.74  9.90  [2 0 2]  7.44  ‐ 
7.48  15.52  [0 0 3]  ‐  9.20 
10.49  11.66  [2 0 0]  ‐  7.87 





Consistent  with  other  data,  the  unit  cell  from  the  fibre  diffraction  pattern  least 
matches any of  the previously observed cell  dimensions. Comparison of  the  indexed 
reflections from the calculated patterns with those observed experimentally (table 5.7) 
reveals  that  although  on  initial  inspection  the  experimental  pattern  from GNNQQNY 
crystals match more closely to 2OMM, in fact the indexing is more like 1YJP. However, 
caution  should  be  taken with  this  interpretation,  as  by  default  CLEARER will  use  an 
orthorhombic unit cell to index to, and 1YJP is monoclinic. Most importantly however, 




Fibre  diffraction  was  used  on  GNNQQNY  fibres,  crystals  and  a  mixture  of  both  to 
understand more about the underlying structures of the different species and compare 
them  to  the  known  crystal  structures.  Experimental  fibre  diffraction  patterns  from 
each  sample  show a  typical  cross‐β  diffraction pattern. Comparison of  the measured 
reflections  showed  variations,  suggesting  differing  internal  architectures  between 
fibres and crystals.  The mixture  contained  reflections  characteristic  of both  samples. 
There was  a  smaller  sheet  spacing  in  the  crystals,  suggesting  this  structure  is more 
tightly interdigitated. 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Using  the  two  crystal  structures  of  GNNQQNY  (Nelson  et  al.,  2005;  Sawaya  et  al., 
2007),  diffraction  patterns  were  calculated  and  their  reflections  measured  and 
indexed.  Comparing  experimental  diffraction  patterns  to  those  calculated  from  the 
crystal  structures  revealed  that  the  fibres  differ  in  structure  not  only  to  the  crystals 
used  in  these  experiments,  but  also  to  both  crystal  structures.  The  crystals  used  in 
experiments appear more  like 2OMM, based on  the positions of the reflections. Unit 
cells calculated from experimental data corroborates that fibres cannot be indexed to 
a  unit  cell  consistent  with  either  crystal  type.  Overall  the  FD  results  support  a 
structural rearrangement as crystals form from fibres. 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5.4. Conclusions (chapters 4 and 5) 
This work aimed to explore the structural relationship between different polymorphs 





Monitoring  the  assembly  of GNNQQNY  crystals  showed  that  fibrils  form  initially  and 
crystals at later time points and this is concurrent with a change in the environment of 
the tyrosine  residue. CD proved to be an  ineffective method for  following secondary 
structure changes. LD was therefore used as the main spectroscopic technique for the 
analysis  of  fibres  and  crystals  of  GNNQQNY.  LD  analysis  showed  a  change  in  the 
orientation  of  the  tyrosine  residue  over  time  as  crystals  appear.  Eventually,  only 










The  larger  sheet  spacing  in  the  fibres  indicates  that  the  interface  is  more  solvent 
exposed,  as  the  crystal  forms  (possibly  driven  by  rearrangement  of  the  tyrosine 
residue)  a  dry  interface  i.e.  the  steric  zipper  is  formed,  and  the  position  of  the 
reflection  changes.  This  would  fit  well  with  the  tyrosine  fluorescence  being  more 
quenched in the fibrils, which may contain more solvent, compared to the crystals. As 
time proceeds the fibres appear to structurally rearrange themselves, suggesting that 
inherent  differences  must  exist  between  fibres  and  crystals.  Comparison  of 
experimental  diffraction  patterns  to  those  calculated  from  the  two  published 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structures  suggest  that  the  crystals  formed  here  are  most  consistent  with  the 
orthorhombic crystal form 2OMM and the fibrils do not closely relate to either crystal 
form  published.  This  may  be  because  the  fibres  take  on  some  very  different 
conformation to either crystal form. Unit cell comparisons corroborate that the fibrils 




Figure  5.5.  Schematic  showing  differing  structural  features  in  fibrillar  and  crystalline  GNNQQNY 
polymorphs. As  time proceeds,  fibres  form  initially and crystals at  later  time points.  Linear dichroism 




It  has  been  proposed  previously  that  crystals  of  GNNQQNY  share  many  structural 
similarities  with  fibrils  formed  from  the  same  peptide.  The  data  presented  here 
highlights both the similarities and differences between these species. In particular the 
role  of  the  tyrosine  residue  is  highlighted  in  line  with  other  work  that  specifies 
aromatic  residues  as  important  drivers  of  fibrillisation  and  structure,  for  example  FF 
pairs feature in Aβ and serum amyloid A protein (Gazit, 2002).  
 





conformation  (Balbirnie  et  al.,  2001).  The  results  here  support  this  finding,  as  the 
assembly of GNNQQNY is extremely fast with fibres visible immediately on dissolution 
of  the  peptide  even  at  concentrations  below 1 mg/ml.  The main  insight  from  these 
results however relates to the structures formed from GNNQQNY and its potential for 
polymorphism. The previous structural data suggested that the peptide could take on 
a  variety  of  conformations  and  this  is  supported  by  this  data.  The  fibres  produced 
using  the  methods  employed  do  not  appear  to  share  many  similarities  with  either 
crystal  structure  previously  published  suggesting  that  perhaps  this  method,  whilst 
supporting  previous  observations  such  as  the  cross‐β  arrangement, may  not  be  the 
most  appropriate  way  to  determine  amyloid  structure.  Rather,  a  combination  of 
techniques,  such  as  those  employed  here,  can  provide  a  more  detailed  analysis.
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one of  the  shortest amyloid  forming peptides known  that meet electron microscopy 




which  is  aromatic  (Tjernberg  et  al.,  2002).  For  example,  FF  pairs  are  present  in 
Amyloid‐β  (Aβ)  and  serum  amyloid  A  protein  and  the  motif  AAXK  is  found  in  α‐
synuclein (Makin et al., 2005). Original investigations were carried out on KFFE and the 
similar peptides KLLE and KAAE, which did not form fibrils and were observed only as 
random  coil  in  circular  dichroism  (CD)  spectra,  whereas  KFFE  (and  KVVE)  showed 
partial  β‐strand  conformation  in  solution  (Tjernberg  et  al.,  2002).  Interestingly,  the 
investigators also observed that the peptides KFFK and EFFE do not form fibrils on their 
own  but  do  when  mixed  together.  These  results  led  to  the  conclusions  that  1)  β‐
strands  are  strong  determinants  of  fibril  formation,  2)  the  presence  of  aromatic 
residues is related to a high β‐strand propensity, probably due to π‐π stacking and 3) 
charge interactions are important in fibril formation; in this case the strands would be 
predicted  to  run  anti‐parallel  to  each  other  as  K  and  E  residues  are  known  to  pair 





forms more  backbone  hydrogen  bonds  (8  instead  of  4 made  by  the β‐hairpin)  with 
neighbouring peptides due to its extended conformation as determined by CD, nuclear 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magnetic  resonance  (NMR)  and  hydrogen‐deuterium  (H/D)  exchange  enabling  it  to 
form longer fibrils (Hosia et al., 2004).  
 
Further  work  was  subsequently  undertaken  to  produce  a  high‐resolution  structural 
model  using  X‐ray  diffraction.  Incubation  of  the  peptide  dissolved  in  phosphate 
buffered saline (PBS) at 5 mg/ml and agitated for 7 days produced fibrous crystals that 
were  large  and  ordered  enough  to  give  X‐ray  fibre  and  electron  diffraction  data  to 
resolutions  of  2  Å  and  0.9  Å  respectively  (Makin  et  al.,  2005).  The  structure  of  the 
polypeptide as it exists in the crystal was solved; the consequent model revealing that 
β‐strands run anti‐parallel  to one another, phenylalanine side chains closely  interlock 
and electrostatic  interactions help  to  stabilise  the  structure  (Makin et al.,  2005). The 
modelled  structure  is  shown  below,  along  with  a  schematic  of  the  assembly  of 
monomeric  peptide  into  crystals.  Peptide monomers  are  believed  to  assemble  in  an 
anti‐parallel arrangement stabilised by salt bridges in the hydrogen bonding (fibre axis, 
a) direction between E4 on peptide 1 and K9 on peptide 2 and E12 on peptide 1 and K1 
on  peptide  2.  Anti‐parallel  β‐sheets  make  up  the  basic  cross‐β  structure  of  the 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Figure  6.1.  Structure  and  assembly  of  amyloid‐like  fibrous  crystals  formed  from  the  peptide 
KFFEAAAKKFFE (Makin et al., 2005). a) View down the fibre axis (a axis). The peptides are stacked anti‐








The  high‐resolution  structural  detail  available  for  amyloid  fibres  formed  from 
KFFEAAAKKFFE  made  it  an  ideal  model  system  on  which  to  carry  out  further 
investigations  into  sequence‐structure  relationships  i.e.  how  individual  residues 
influence  the  structure  and  assembly  of  amyloid.  The  results  could  add  to  the 
understanding of how certain amino acids, or groups of residues, increase or decrease 
the  propensity  for  amyloidogenicity  and would  aid  in  the  establishment  of  rules  for 
amyloid  formation.   Various mutants of KFFEAAAKKFFE  (referred  to  hereafter as  the 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wild‐type  (WT)  peptide)  were  constructed  to  explore  the  effects  of  making  small 
changes  to  sequence  on  amyloid  formation.  Specifically,  the  roles  of  1)  hydrophobic 
interactions, in particular π‐π stacking, 2) electrostatic interactions and 3) the charged 
N‐  and  C‐termini  in  amyloid  formation  and  structure  were  examined.  A  range  of 
biophysical  techniques were  used  to  examine  differences  in  assembly  and  structure 
between the variants.  
 
Phenylalanine/alanine  (F/A)  variants  were  constructed  to  examine  the  role  of 
hydrophobic interactions and π‐π stacking in fibrillisation and electrostatic interactions 
were  investigated  by  mutating  lysine  residues  to  either  alanine  or  arginine  (lysine 
variants). In addition, a peptide with an acetyl cap on the N terminus and an amidated 
C terminus was made to examine the role of the charges at the end of the peptide in 
fibril  and crystal  formation. EM was used  in  the  first  instance  to  determine whether 
any fibrillar or crystalline species formed from both the WT peptide and the variants. 
Following  this,  CD,  intrinsic  phenylalanine  fluorescence  and  thioflavin  T  fluorescence 
(ThT) were carried out alongside EM to give some  information on how structure and 
assembly  change  over  time  by  characterising  the  species  at  the  start  and  end  of 
fibrillisation. Far‐UV CD was used to examine changes in secondary structure elements 




this  was  also  monitored  using  fluorescence  to  determine  whether  the  species 
observed  fit  the  classic  amyloid  defining  criteria.  Collating  this  information  and 
correlating  results  from  these  techniques would  gain  insights  into  how  the  peptides 
assemble and how they compare structurally to the WT peptide. In addition, some of 







































and stabilisation. Also,  its small size meant  it should not  impose any steric hindrance 
on the cross‐β structure. Arginine was chosen as an alternative mutation because of its 
close  similarity  to  lysine  and  therefore  may  act  as  a  control.  Any  differences  in 
structural information between the K/R variants and the WT sequence would indicate 
that lysine is specifically required in the charge pairing interaction and that variations 
can occur  from even  small  chemical differences  between  residues. The  structures of 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the residues are shown below and  illustrate the similarities and differences between 
lysine,  arginine  and  alanine.  The  core  of  amyloid  fibrils  are  composed  of  β‐sheets, 
therefore the propensity of each residue to form a β‐sheet, based on the Chou‐Fasman 
method, is indicated as P(b); higher numbers refer to increased propensities (Chou and 
Fasman,  1974).  It  should  be  noted  that  there  are  a  number  of  different  scales  that 
describe the preference of an amino acid to be in a β‐sheet that vary depending on the 
method of calculation (Chou and Fasman, 1974; Kim and Berg, 1993; Minor and Kim, 
1994a; Minor and Kim; Smith et al.,  1994). The  structural  context of  the amino acid 
within the β‐strand, for example whether it is near the N or C terminus, also influences 




  Lysine  Arginine  Alanine 
MW  146.19  174.20  89.09 
pKa (R)  10.0  12.0  n/a 
HI  ‐ 3.9  ‐4.5  1.8 
Volume (Å3)  168.6  173.4  88.6 
P(b)   74  93  83 
pI  9.74  10.76  6.00 
 
Figure  6.2.  Structures  of  lysine,  arginine  and  alanine  and  their  chemical  properties. HI  refers  to  the 
hydropathy  index  and  indicates  how  hydrophobic  a  residue  is;  the  larger  the  number  the  more 






the  hydrogen  bonding  (fibre  axis)  direction.  Specifically,  E4  and  E12  on  one  peptide 
form electrostatic interactions with K9 and K1 on another peptide, respectively (figure 
6.1d). By systematically changing the K residues the influence of the salt bridge can be 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carried  out  later  that  can  complicate  interpretation  (Makin  and  Serpell,  2005b). 
Preliminary  experiments  indicated  that  samples  that  were  left  quiescent  underwent 





The role of π‐π  stacking of aromatic residues  in the WT sequence was examined  in a 
similar way by performing an alanine scan of some of the phenylalanine residues. For 
these  samples  there  are  no  appropriate  controls  as  the  residue  closest  in  structure, 
tyrosine,  contains an additional hydroxyl  group  on  its benzene  ring  that dramatically 
alters  its  chemical properties. The aromatic  interactions are  shown  in  figure 6.1c. All 
four phenylalanine residues are thought to participate  in the zipper and are believed 
to  drive  self‐assembly  via  energetic  contributions  from  π‐π  stacking  (Makin  et  al., 
2005).  Therefore,  selections  of  single  and  double  variants  were  constructed  to 
investigate if phenylalanine residues were essential for fibrillisation and whether pairs 





The association of KFFEAAAKKFFE  into microcrystals may be partly  influenced by  the 
charged the N and C termini (positive and negative at pH 7.4 respectively). The role of 
the charged N and C termini in lateral association was explored using a peptide variant 
that  had  an  amidated  C  terminus  and  an  acetylated  N  terminus  (referred  to  as  the 
capped peptide).   This abolished the charges at the N‐ and C‐termini  (at pH 7.4) and 
would give information on whether these charges are required for crystal formation. If 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it was possible to form fibres from the peptide variants these could be analysed using 
the  same  biophysical  methods  and  their  structure  and  assembly  compared  to  the 
crystals formed by the WT sequence. There is some controversy over the relationship 
between  the  structures  of  fibres  and  crystals  formed  from  amyloidogenic  peptides. 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6.2. Results and discussion 
6.2.1. Biophysical characterisation of the WT sequence, KFFEAAAKKFFE 
The previous  studies on KFFEAAAKKFFE provided  some  information on assembly and 
later  work  gave  a  full  structural  description  of  the  peptide  within  the  amyloid‐like 
crystals  (Hosia  et  al.,  2004; Makin  et  al.,  2005).  In  order  to  obtain  data  that  would 
provide  a  basis  for  comparison  of  the  variants,  a  more  complete  biophysical 
characterisation than had been performed in previous studies was initially carried out 
on  the  WT  peptide.  Firstly,  electron  microscopy  was  used  to  observe  any 
macromolecular structures formed by the peptide both  in water and PBS (pH 7.4) at 
time 0  (immediately after  the peptide has been dissolved,  vortexed,  centrifuged and 
any pellet discarded) and 7 days. Previous results showed that KFFEAAAKKFFE did not 
assemble  when  agitated  in  water  at  5  mg/ml  and  this  was  confirmed  by  electron 
microscopy  (even  after  1  year  no  fibrous  or  crystalline  material  formed).  The 
concentration  was  increased  up  to  20  mg/ml  to  determine  whether  this  was  a 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The  inability of KFFEAAAKKFFE  to  form  fibres or  crystals  in water may be due  to  the 
high positive net charge on the peptide in the solvent. In water, despite the lack of any 
buffer,  the  pH  remained  stable  at  pH  3.0  ±  0.5  (the  low  pH  is  likely  to  be  due  to 
residual  trifluoroacetic  acid  in  the  lyophilised  peptide  preparation).  At  this  pH  the 
peptide will carry an overall charge of +4, whereas in PBS at pH 7.4 the charge will be 
+1.  The  net  charge  varies  depending  on  pH  and  is  calculated  from  the  pKa  of  the 
ionisable groups  in  the peptide,  in  this  case  these are  lysine  (basic, pKa of  10.0) and 
glutamate (acidic, pKa of 4.4) and the N and C termini (pKa’s of 8.0 and 3.1 respectively) 
(Stryer,  1999). When  the  pKa  is  higher  than  the  pH of  the  solution,  a  proton will  be 
transferred from the solution to the  ionisable group because the solution will be the 




residues  and  one  C  terminus  carrying  a  negative  charge.  In  water,  at  low  pH,  the 
ionisable  residues will be protonated,  so  lysine and  the N  terminus will be positively 




KFFEAAAKKFFE  assembled  in  PBS  at  all  concentrations  between  5  and  20  mg/ml 
although the species formed appeared to vary in morphology. At 5 mg/ml, thinner (10‐
50 nm) fibres appear initially (i.e. at time 0) with large, striated crystals (approximately 




thinner, semi‐crystalline  looking species  i.e.  flat and straight but  limited  in width and 
lacking striations. It is clear from figure 6.3a (time 0) that increasing the concentration 
leads to faster growth, possibly because there are more nucleation points present. The 
formation  of  amyloid  fibrils  can  be  compared  to  the  phases  a  protein  goes  through 
when forming a crystal, illustrated in the diagram below. 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Figure 6.4. A phase diagram of protein crystallisation relating protein and precipitate  concentration. 

















The  self‐assembly  of  peptide  molecules  could  be  viewed  as  related  to  the  ordered 
precipitation  of  molecules  into  protein  crystals.  In  the  case  of  the WT  peptide,  the 
precipitant  concentration  can  be  considered  constant,  as  the  concentration  of  PBS 
remains the same; the only variable is the protein concentration represented by circles 
in figure 6.4. The formation of amyloid fibrils has similarities with crystal formation in 








appearance of  fibrils means  that a nucleus has  formed, however  the  short  length of 






are  considerably wider  (around 1 µm)  than  those  species  seen at 10 and 20 mg/ml. 
This is likely to be due to the slower, more controlled addition of monomer (or possibly 
small oligomers)  to  the  seed, enabling growth  in  three dimensions. As  fibres appear 
first,  it is possible that they themselves act as a seed for crystal growth. Alternatively, 






crystal  at 5 mg/ml  corroborate  this  interpretation; although growth  is occurring  to a 






from  electron  micrographs  whether  there  are  any  differences  in  terms  of  how  the 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et  al.,  2005)  were  prepared  at  pH  7.4.  Since  the  previous  results  clearly  show  that 
there is a relationship between net charge and the propensity to form fibrils or crystals 









la  Paz  et.  al.  reported  that  highly  charged  peptides  encouraged  repulsion  whereas 
neutral  charges  promote  amorphous  aggregation  and  therefore  concluded  that  a 
charge  of  +1 was  optimal  for  self‐assembly  (Lopez  de  la  Paz  and  Serrano,  2004).    In 
addition, the phosphate buffer did not contain NaCl, but the peptide was still able to 
form  crystals  suggesting  that  the  charge‐charge  interactions  are  important  and  the 
NaCl  is not able  to  screen  them at  the concentration used here of 10 mM. Previous 
work  has  assessed  the  ability  of  NaCl  to  screen  charges  and  indicated  that  it  is 
relatively inefficient at doing so, especially at low concentrations like that used in this 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pH 12 the N terminus would have no charge and the C terminus would be negatively 
charged.  The  charges  at  the  ends  of  the  peptides  therefore  may  also  influence 
assembly. 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Thioflavin  T  binding  (e)  at  time 0  and after 7  days  agitation.  iii) A magnified  image  of  the end  of  a 
crystal  formed  from  the WT  peptide  in  PBS  (scale  bar  200  nm).  iv)  Typical  random  coil  spectrum 
(reproduced from www.proteinchemist.com). Peptide was prepared at 5 mg/ml. The solubility of the 
peptide  is  indicated  in  the  figure  based  on  observation  of  a  precipitate  forming  after  dissolution  and 
centrifugation; where no pellet was observed the box is coloured green (i.e more soluble), where a small 
pellet  formed  the box  is  coloured yellow and where a  large pellet  formed  the box  is  coloured orange 
(i.e.  less  soluble).  Where  a  precipitate  was  observed  experiments  were  only  carried  out  on  the 
supernatant and the pellet was discarded. For spectroscopic measurements samples were diluted 1/10 






low  pH  is  too  high  and  peptides  cannot  associate)  and  it may  be  assumed  that  the 
peptide  is  therefore  in  a monomeric  state.  The positive  charge  on  both  sides  of  the 
peptide (figure 6.5i) will aid in this repulsion. The lack of any assembly correlates with 
the  results  from  CD,  intrinsic  fluorescence  and  ThT  fluorescence  as  no  change  is 
observed after 7 days in any of these spectra. CD has been used previously on amyloid 
forming  proteins  to  monitor  the  transition  of  monomeric  peptide  into  β‐sheet 
containing amyloid fibrils, for example α‐synuclein (Serpell et al., 2000a) and in many 






electronic  transitions  in  an  amide  bond,  n→π*  and  π→π*  that  are  positioned  at 
approximately  220 nm and  190 nm  respectively  and are  responsible  for  the positive 
and negative peaks  in a random coil spectra  (Rodger and Norden, 1997). For the WT 
peptide  in  water  the  spectra  at  both  time  0  and  7  days  are  most  consistent  with 
random  coil  although  there  are  three  notable  discrepancies when  compared with  a 
typical  spectrum  from  poly‐L‐lysine  (figure  6.5iv.)  Firstly,  the  positive  peak  is  red‐
shifted to the higher wavelength of 220 nm and the negative maxima blue‐shifted to 
190 nm. Secondly, there is a small but distinct negative peak at approximately 200 nm, 
indicated by  the arrow  in  the  figure.  Lastly,  the negative minimum at 195 nm  in  the 
classic spectrum (figure 6.5iv)  is  far more  intense than the positive signal at 215 nm, 
whereas in the WT spectrum the ratio is much lower with MRE’s for the negative and 
positive  signals  around  17000  and  5000  respectively.  These  shifts  and  changes  in 
intensity may  be  due  to  the  influence  of  the  phenylalanine  residues which  although 
have  maximum  absorption  in  the  near‐UV  region  (250‐300  nm)  are  known  to  also 
contribute to far‐UV spectra (Rodger and Norden, 1997). CD can be highly sensitive to 
aromatic  interactions  and  π‐π  stacking  from  species  as  small  as  dimers  can  greatly 
affect  the  spectra  obtained  (A.Rodger,  personal  communication).  Alternatively,  the 
spectra  could  be  interpreted  as  an  inverted  β‐sheet,  although  the  lack  of  any  fibril 
formation  from  EM would  suggest  that  this  explanation  be  precluded.  It  is  possible 






setup  was  employed  where  the  sample  was  positioned  at  both  0°  and  90°  to  the 
detector. A directionally dependent sample may be unintentionally aligned in different 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ways  e.g.  pipetting  or  sliding  the  quartz  cuvettes  together,  or  it  may  be  inherently 
oriented  due  to  the  linear  nature  of  the  fibres.  Aligned,  non‐isotropic  samples  will 
exhibit  linear  dichroism  (LD)  as,  due  to  inefficiencies  in  the  photoelastic modulator, 






























CD experiments  carried out by other groups on  short peptides  that are able  to  form 
amyloid‐like fibrils have also shown spectra that differ from those classically reported 
for  protein  secondary  structure.  β‐sheets  normally  show  a  negative  maximum  at 




M,  2007).  CD  on  FF  nanotubes  showed  positive  maxima  at  200  nm  and  217  nm, 
although  these  peaks  were  not  ascribes  to  any  particular  transitions  (Adler‐
Abramovich  et  al.,  2006),  whilst  another  group  found  that  an  Fmoc‐FF  hydrogel 
produced  a  spectrum  with  a  negative  at  218  nm  that  was  attributed  to  β‐sheet. 
Similarly, CD spectra from AFA showed positive maxima at 197 nm and 217 nm, this 
time  thought  to  be  due  to  a  β‐turn  (Motta  et  al.,  2005).  A  polyproline  type  II‐like 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conformation,  with  a  predominant  negative  peak  at  around  200  nm  and  a  relative 






196  nm  and  the  broad  peak  is  split  into  two maxima  at  212  nm  and  217  nm.  This 
splitting  is  better  resolved at  the higher  concentration.  In addition all  three  samples 
showed negative maxima at 228 nm although the ellipticity was  increased  in the TFE 
samples.  In  another  study  on  a  related  peptide,  YYKLVFFC,  a  CD  spectrum  was 
observed that had positive maxima at 200 nm and 228 nm and a negative at 195 nm 
(Hamley  et  al.,  2010).  The  authors  claim  that  these  spectral  features  are  due  to π‐π 
stacking interactions between phenylalanine residues. The peaks at around 218 nm are 




classically  observed  random  coil  spectra  due  to  aromatic  contributions,  or  it  arises 




the  same  intensity  at  both  time  0  and  7  days.  The  fluorescence  spectrum  of 
phenylalanine in solution, with a similarly positioned peak at 280 nm is shown below.  




Intrinsic  fluorescence of phenylalanine has been used previously  to help  confirm  the 
role  of  π‐π  stacking  interactions  in  the  self‐assembly  of  amyloid  (Krysmann  et  al., 









present  in  the  intrinsic  phenylalanine  spectrum.  Similarly,  there  is  no  thioflavin  T 









and  C  termini  potentiating  lateral  (peptide  end‐to‐end)  assembly,  thus  leading  to 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crystal  formation  i.e.  growth  in  all  directions.  However,  the  CD  and  intrinsic 
fluorescence spectra change only very little in intensity over time. Furthermore, the CD 
signal  for  the WT peptide  in PBS  is  very similar  to  that  in water  (figure 6.5i  and  ii.c), 
despite the presence of microcrystals in EM. This could be explained if the signal is not 
coming from the assembled species  i.e.  the crystals, and  is  from soluble peptide that 
may  be  present,  perhaps  because  not  all  of  the  initially  solubilised  peptide  is 
incorporated  into  the  crystals.  It  is  also  possible  that  monomers  or  oligomers  are 
continually undergoing association and disassociation with the crystal and a constant 
pool of monomeric peptide  is maintained  in equilibrium with peptide assembled into 
crystals.  The  enlarged  EM  image  of  the  end  of  a  crystal  (figure  6.5iv)  shows  what 
appear to be fibrils protruding from the end of the crystal suggesting that the crystal is 
composed of amyloid like fibres that are more ordered in their packing away from the 
ends.  At  this  location,  these  fibres  appear more  disordered  and may  be  less  stable, 





likely  to  be  due  to  the  size  of  the  crystals  that  form  in  PBS.  Large  aggregates  in  CD 
experiments  can have  two effects  (see part 2.2.4).  Firstly,  they may  scatter  the  light 
away  from  the  detector,  which would  result  in  a  false  increase  in  absorbance,  as  is 
seen when baselines  lie above zero  in  regions where there should be no absorbance 
(the raising of these baselines often correlating to  increasing particle size). Secondly, 
absorbance  flattening  can  reduce  intensity  of  spectra  in  regions  where  proteins  do 
absorb, due to a decrease in the concentration of soluble particles able to absorb light 






is  an  additional  peak  present  at  302  nm,  indicated  by  the  arrow  in  the  diagram. 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Although this peak is at a lower wavelength than reported by Krysmann et. al.  it may 
be  due  to  π‐π  stacking  within  the  fibres  observed  at  time  0  and  the  crystals. 







These  results  corroborate  previous  observations  on  KFFEAAKKFFE.  The  peptide  does 
not appear to assemble in water but forms amyloid‐like microcrystals in PBS. There is a 
difference  in  intrinsic  phenylalanine  fluorescence  between  unassembled  and 
assembled  WT  peptide,  namely  that  an  additional  peak  at  303  nm  appears  when 
crystals  form which could be attributed  to π‐π  stacking.  Furthermore, ThT  fluoresces 
when  added  to  microcrystals  but  not  early  stage  species  or  monomeric  peptide, 
confirming  that  the  crystals  are  amyloid‐like.  These  results  provide  a  basis  for 
comparison for the rest of the variants. 










The capped peptide has a net  charge of +3  in water and,  like  the WT peptide, +1  in 





water,  the  glutamate  residues  will  carry  no  charge,  so  no  salt  bridge  should  form, 
based on the WT model. However, fibres do form, implying that the salt bridge is not 
an  absolute  requirement  for  structural  maintenance.  Alternatively,  the  structure  in 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formation and corroborates the previous suggestion that assembly  is  favoured  in the 












fibrils  after  7  days  agitation  (figure  6.10)  although  compared  to  the  fibrils  seen  at 
neutral pH these were in very low abundance. At pH 2 and 12 the net charges on the 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growth,  encouraged  by  charged  peptide  termini  and  illustrated  in  the WT  structure 
shown  in  figure  6.1a  (Makin  et  al.,  2005),  competes  with  growth  in  the  hydrogen 
bonding direction and whilst it may be much less energetically favourable, indicated by 
the  fact  that  the  crystals  are  long  and  striated,  it  is  still  able  to  proceed  and  hinder 
growth  in  the  fibre  axis  direction  to  some  extent.  As  this  possibility  is  completely 
abolished by the removal of charges, the assembly of β‐strands by hydrogen bonding is 
allowed  to  fully  proceed  and  fibres  form much  faster  for  the  capped  peptide  than 
crystals do for the WT peptide. The material observed at pH 7.4 appeared very similar 
to  those  formed at  the  same concentration of 5 mg/ml  in PBS again  confirming  that 
NaCl  is not having an effect on assembly (figures 6.9 and 6.10). Therefore, as  for the 
WT peptide, of the conditions tested here, neutral pH  is optimal (although unlike the 
WT  peptide  not  absolutely  necessary)  for  assembly  of  the  capped  peptide  and  the 
absence of NaCl does not appear to have an effect. 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In water,  at 5 mg/ml no  fibres  form after 7 days,  consistent with previous  results.  It 
may  therefore  be  expected  that  the  peptide  is monomeric  and would  show  spectra 
similar  to  the  WT  peptide  in  water.  Although  the  intensities  of  both  the  CD  and 
phenylalanine  fluorescence  data  do  not  change  over  time  as  expected,  the  spectral 




a broad minima around 235  nm. Raising  the concentration confirms  the presence of 
this  minimum  (data  not  shown).  These  results  may  suggest  the  presence  of  some 
soluble  ordered  structure  that  is not  random coil but  that  is not  large enough  to be 
visible  by  EM.  This  is  supported  by  the  presence  of  a  small  peak  at  303  nm  in  the 
phenylalanine  fluorescence  spectrum  (shown  by  the  arrow)  that  may  be  due  to 





visible  from  time  0.  At  later  time  points  these  fibres  are  slightly  wider  but  show  a 
similar morphology  to  the  fibres at time 0.  Like the WT peptide,  the capped peptide 
has a net charge of +1 and an overall charge of +2 on one side of the β‐strand and ‐1 
on  the other  (figure 6.11ii). Once again,  these charges would encourage assembly  in 
the sheet‐spacing direction, however, the lack of any charged ends will prevent growth 
in  the  third  dimension  (laterally),  therefore  prohibiting  crystal  formation.  The  CD 







the  different  species  that  are  formed  by  these  two  peptides  in  PBS. Whilst  the  CD 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spectra  for  the WT  peptide  in  PBS  do  not  appear  to  be  influenced  by  the  crystals, 
probably  due  to  their  large  size,  the  fibres  formed  by  the  capped  peptide  may  be 
visible to CD and therefore may affect the spectra. It likely that aromatic contributions 
would affect CD for the capped peptide as well as the WT peptide (which would again 
explain  the  unusual  profile),  but  the  differences  do  suggest  that  either  the  fibres 









discount  it.  It  is  possible  that  ThT  does  not  bind  to  the  capped peptide,  even  if  it  is 
amyloid  like. The mechanism by which positively charged ThT binds to amyloid  is not 
fully understood (see 2.4.3) but it is known to be affected by pH and therefore to some 
extent  by  charge‐charge  interactions.  It  is  therefore  possible  that  abolishing  the 
charges at the ends of the peptide will influence ThT binding ability.  
 
The  EM  results  for  the WT  and  capped  peptides  indicate  that  changing  the  pH  and 
concentration  can  affect  fibril  or  crystal  formation  and  highlight  the  importance  of 
maintaining  these  factors.  From  these  results  it  can  be  concluded  that  net  charge, 




previously.  Furthermore,  it  is  proposed  from  these  results  that  the  phenylalanine 
residues  are making  a  significant  contribution  to  some of  the  spectra  observed.  The 
roles  of  aromatic  and  charge‐charge  interactions  are  explored  in  the  next  sections 
using standard concentrations of 5 mg/ml in water and in PBS. 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6.2.3. Phenylalanine/Alanine (F/A) variants 
As for the previous studies, electron microscopy was used initially to determine which 




For  all  of  the  F/A  variants  no  fibres  were  visible  by  EM  after  7  days  agitation  at  5 
mg/ml both  in water and PBS. Replacing any of the phenylalanine residues therefore 
abolishes  the  ability  to  form  amyloid  under  these  conditions,  highlighting  the 
importance  of  aromatic  interactions  in  amyloid  formation  (Reches  and  Gazit,  2003). 
Phenylalanine  residues  are  hydrophobic  and  this  property may  also  be  important  in 
driving  assembly  as  hydrophobic  residues  are  known  to  increase  the  propensity  to 
form amyloid in some systems (Pawar et al., 2005; Pedersen et al., 2006b; Tartaglia et 
al.,  2008),  For  example,  Aβ1‐42  is more  fibrillogenic  than Aβ1‐40,  thought  to  be  partly 
due to the additional  isoleucine and alanine residues that increase its hydrophobicity 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i.e.  that  no  amyloid‐like  structure  is  formed.  Comparing  these  results  with  previous 
data  it appears that F2AF3A  is completely disordered whereas for the WT peptide  in 
water there may be interactions taking place that are affecting the spectra observed, 
although  if  any  structures  are  formed,  they  are  not  visible  by  EM. Alternatively,  the 
removal  of  two of  the  four  phenylalanine  residues may  abolish  the  far‐UV  aromatic 
effect on CD spectra. These results confirm the importance of phenylalanine residues 
in  amyloid  assembly  and  highlight  how  they  can  contribute  to  spectroscopic  data, 
whether it is through the amino acid  itself or from π‐π stacking interactions between 
two  or  more  residues.  Charge‐charge  interactions  were  investigated  next  using  K/R 
and K/A variants. 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6.2.4. Lysine variants: Lysine to arginine (K/R) substitutions 
The previous results demonstrate the importance of phenylalanine in the assembly of 




to  replace  lysine  due  to  its  close  similarity  and  therefore  would  act  as  a  potential 
control. Any differences in results between the K/R variants and the WT peptide would 




In  water  (figures  6.13i‐6.18i),  like  the WT  peptide,  although  the  peptides were  very 
soluble and no visible precipitate was observed after centrifugation, no fibrils formed 
for  any  of  the  K/R  variants.  The  high  net  charge  on  these  peptides  is  probably 
responsible  for  both  the  solubility  and  the  lack  of  assembly  due  to  repulsion. 




phenylalanine  fluorescence  spectra.  It  was  proposed  earlier  that  the  unusual  CD 
spectra  arising  from  the WT  peptide  (and  similar  to  those  observed  here)  was  due 
either to aromatic  influence in the far‐UV from disordered peptide (with no aromatic 
interactions  taking  place),  or  because  there  were  some  small,  soluble  structured 
species present that may contain aromatic interactions and which could affect spectra. 
The lack of any peaks in phenylalanine fluorescence spectra would suggest that there 
are  no  aromatic  interactions  occurring  and  therefore  for  these  variants  and  the WT 
peptide  in  water  the  former  is  perhaps  more  likely.  Furthermore,  as  for  the  WT 
peptide  in water,  there was no ThT  fluorescence at 485 nm. The only  feature of  the 
K/R variants in water that differed significantly to the WT peptide is the appearance of 
a broad peak at approximately 520 nm in the ThT data for the K8R and K1R peptides 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(figures 6.13i and 6.16i respectively) and is considerably more intense for K1R (at time 
0 only).  It  is unknown at present what fluorescence  intensity at this wavelength may 
arise from but there are similarly positioned peaks in the PBS data (figures 6.13ii and 




pH  7.4  potentiates  assembly.  Like  the  WT  peptide,  this  may  be  explained  by  the 
reduced net charge of +1 on the peptides at this pH, therefore lowering repulsion and 
facilitating  assembly.  However,  only  K9R  (figure  6.15ii),  K1RK8R  (figure  6.17ii)  and 
K1RK9R  (6.18ii)  formed  crystals  that were  similar  in morphology  to  the WT peptide. 
K8R  (figure  6.13ii),  K8RK9R  (figure  6.14ii),  and  K1R  (figure  6.16ii)  all  formed  fibrillar 
looking species although those formed by K8R were narrow, short  fibrils and were  in 




in  solubility  must  be  due  to  the  chemical  differences  between  lysine  and  arginine. 
Lysine  and  arginine  are  the  least  hydrophobic  amino  acids,  although  it  is  not 
completely  agreed  which  is  most  hydrophilic,  therefore  this  property  is  unlikely  to 
have a significant  impact on solubility  (Janin, 1979; Kyte and Doolittle, 1982; Rose et 
al.,  1985; Wolfenden  et  al.,  1981).  Previous  experiments  using  RNase  Sa  variants  in 
which the threonine residue at position 76 was systematically mutated to each of the 
twenty amino acids showed that at pH 7 the T76R variant had a lower solubility than 





Moreover,  as  soon  as  aggregation  proceeds,  it  is  likely  that  certain  charges  will  be 
screened and this will also affect solubility. Because only the supernatant was used for 
experiments, those samples that showed a lower solubility would have a lower peptide 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concentration. This explains why there are no, or very little CD, intrinsic phenylalanine 
fluorescence or ThT fluorescence signals for the K/R variants that were poorly soluble 
(K8RK9R,  K9R,  K1RK9R)  as  indicated  by  the  orange  background  at  time  0,  and  there 







and a  small maximum at 220 nm and which did not  change over  time despite  there 
being no or little material in EM images at time 0 and fibres and crystals present after 
seven days. This corroborates the CD data previously observed and would suggest the 






CD  signal.  However,  after  7  days,  crystals  had  formed  and  it  is  possible  that  these 




cases  for  K/R  variants  in  PBS.  Although  in  some  cases  this  may  be  due  to  the  low 
solubility  of  the  peptide  (the  signals  at  303  nm  observed  previously  are  weak 
compared  to  the  fluorescence  of  phenylalanine  alone  at  282  nm),  even  for  those 
samples that were more soluble (K1R and K1RK8R) there is no additional peak at 303 
nm,  despite  EM  images  showing  that  the  peptide  had  assembled.  This may  indicate 
that the arginine imposes conformational changes to the WT structure, as WT crystals 
did  show an additional peak at 303 nm.  It  is  conceivable  that even slight  changes  to 
peptide packing  induced by  the  larger arginine  residue may affect  the positioning of 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the  phenylalanine  residues  within  the  structure.  If  indeed  the  peak  at  303  nm  is 
representative  of  π‐π  stacking,  these  results  may  reflect  the  disruption  of  this 
interaction, caused by the presence of the larger arginine.  
 
It  is clear from the results in  figures 6.13ii‐6.18ii  that replacing lysine with arginine at 
certain positions has a significant effect on the morphology of the species observed by 
EM.  K8R  (figure  6.13ii)  was  the  most  soluble  of  the  K/R  variants  but  had  the  least 
amyloid‐forming propensity as indicated by EM results. This would imply that having a 





Figure 6.19.  Structural model of  KFFEAAAKKFFE crystals  in PBS  (Makin et al.,  2005).   View  is  looking 
down the fibre axis. Two layers of β‐strands are shown, the top layer in red and the lower layer with β‐
strands anti‐parallel to the red β‐strands are in green. K1 and K9 (involved in salt bridges with glutamate 





steric  hindrance  and  impede  assembly.  Figure  6.2  shows  the  chemical  properties  of 
lysine  and  arginine.  It  is  possible  that  arginine  is  too  large  (173.4  Å)  to  be 
accommodated and  interferes with peptide association. There may be an  interaction 
between K8 and E12 on the diagonally opposite molecule, indicated by the arrow. The 
CD spectra are  similar  to  the WT peptide both at  time 0 and day 7 and,  like  the WT 
peptide,  K8R  assemblies  at  day  7  are  able  to  bind  ThT  and  cause  significant 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fluorescence, despite their low abundance. These data suggest that the species formed 
by  K8R  are,  like  the WT  peptide,  invisible  to  CD  but  that  they  are  amyloid  like  and 
hence able to bind ThT.  
 
It  may  be  expected  that  replacing  lysine  at  position  8  with  arginine  in  the  double 
variants  would  also  have  a  negative  effect  on  assembly.  However,  this  was  not  the 
case.  The  other  variants  that  had  a mutation  at  K8 were  K8RK9R  (figure  6.14ii)  and 
K1RK8R  (figure  6.17ii).  Both  of  these  peptides  assembled  in  PBS  although  the 
morphologies were  somewhat different  to each  other. K8RK9R  formed  fibrils  that at 










species  appeared  remarkably  different.  Lateral  association  is  greatly  affected  in  K1R 
and  K8RK9R.  The  sample  that  produced  most  similar  looking  material  to  the  WT 
peptide was K9R. K1RK9R crystals also looked similar to the WT and in addition crystals 
were  present  at  time  0,  suggesting  this  mutant  increased  propensity  for  amyloid 
formation. Arginine has a greater β‐sheet  forming propensity compared to  lysine (93 
compared  to  74  –  figure  6.2)  and which may  explain  the  appearance  of material  at 
earlier time points for some of the K/R variants compared to the WT peptide. K1RK9R 
also strongly bound ThT, as did the WT sample, possibly suggesting similar modes of 
binding and  therefore  similar molecular arrangements. The  low solubility of  the K9R 
variant meant that ThT measurements on this peptide were inconclusive. Like K8RK9R, 
K1R  formed  material  that  appeared  more  like  fibres  than  crystals  and  lateral 
association  was  significantly  impeded.  This  may  indicate  that  replacing  lysine  with 
arginine at position 1, 8, or at positions 8 and 9  together, somehow either  facilitates 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growth  in  the hydrogen  bonding direction, or  impedes  it  in  the  lateral direction and 
hence wider  crystals do not  form. The difference  in  size of  the arginine  residue may 
have  an  effect  on  the electrostatic  interaction with  the  glutamate  residue  on  the β‐
strand below, specifically a salt bridge can only be said to have formed if the charged 
groups  on  the  paired  residues  are  within  4  Å  of  each  other  (Kumar  and  Nussinov, 
2002).  As  the measured  distance  according  to  the model  is  approximately  4  Å,  it  is 
possible that the presence of arginine  instead of  lysine could affect this distance and 
therefore  the  integrity  of  the  stabilising  interaction.  Indeed,  it  has  been  shown  that 
salt bridges can be both stabilising and destabilising (Hendsch and Tidor, 1999; Kumar 
and  Nussinov,  2002;  Schueler  and  Margalit,  1995).  However,  as  K1RK9R  formed 
crystals  that  from  EM  and  biophysical  methods  resembled  the  WT,  it  might  be 
expected that the structure in maintained in this variant. Other work has shown that 
arginine and lysine do contribute differently to structural stability through their ability 
to  form  hydrogen  bonds  (Klumpp  et  al.,  2003).  It  is  generally  accepted  that  these 
electrostatic  interactions  are  not  the  driving  force  in  protein  folding  (Kumar  and 
Nussinov, 2002), and from the previous results the essential role of aromatic residues 
in assembly is clear. Therefore it  is likely that replacing lysine with arginine has three 
outcomes.  Firstly,  K/R mutations  could  affect  peptide  packing  and  consequently  the 
aromatic  interactions,  which  may  explain  the  lack  of  a  peak  in  phenylalanine 
fluorescence at 303 nm. Secondly, these mutations may affect the salt bridges formed 





species  observed  by  EM  and  the  biophysical  data  gained  for  these  peptides  (and 
therefore act as controls), but this was not the case. The absence of a peak at 303 nm 
in the phenylalanine fluorescence scans  is particularly interesting and suggests that a 
particular  type of  packing and aromatic  interaction  is  required  for generation  of  this 
peak. It is not to say that there are no aromatic interactions in these variants but that 
they are perhaps  flexible  in  nature and  only particular  conformations will be able  to 
exhibit  this specific  fluorescence. Despite the K/R variants showing some unexpected 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differences to the WT peptide in PBS, there was a great deal of similarity for most of 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6.2.5. Lysine variants: Lysine to alanine (K/A) substitutions 
The  results  from  the  K/R  variants  unexpectedly  revealed  that  making  very  small 
changes in the chemical composition of the peptide side chains could affect assembly 
and  potentially  the  structure  of  the  species  formed.  In  particular  the  presence  of 
arginine instead of lysine may affect the peptide packing to influence the aromatic and 
charge‐charge  interactions  and  lateral  assembly.  To  further  test  the  role  of  lysine  in 
assembly, lysine residues were mutated to alanine. The chemical properties of alanine 
are shown in figure 6.2.  Alanine has a much smaller volume than arginine and is also 
much more  hydrophobic,  which  partly  contributes  to  its  increased  β‐sheet  forming 
propensity compared with lysine. Changing any of the lysine residues to alanine alters 
the  overall  net  charge  of  the  peptide,  which  from  previous  results  is  thought  to 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The  first  striking  observation made was  that  changing  any  of  the  lysine  residues  to 
alanine conferred the ability to form fibres in water, which the WT sequence and the 
arginine  variants  do  not.  This  is  probably  partly  due  to  the  reduced  charge  on  the 
peptides; the single K/A variants had a net charge of +3 and the double variants a net 
charge  of  +2  (table  6.1).  In water,  the  salt  bridge will  be  affected,  as  the  glutamate 
residues will carry no charge and will therefore not be able to form any charge pairings 
with lysine. This may significantly change the peptide packing, as it is thought that the 
positions  of  the  lysine  and  glutamate  residues  in  the  sequence  influence  the 




role  in  lateral  association  and  crystal  growth.  In  water,  the  N  terminus  will  carry  a 
positive charge and the C terminus will be uncharged. This may also help explain why 
end‐to‐end  peptide  assembly  is  limited  in  water.  However,  in  PBS  both  ends  are 
charged,  yet  still  only  fibres  form.  It  is  possible  that  this  occurs  by  one  of  two 
mechanisms. Having lysine specifically present may promote lateral association only in 
the  sheet  spacing  direction.  The  alternating  residues  on  each β‐strand will  influence 














      Chapter 6 176 
Peptide  Sequence  Net  charge  in  water 
(pH 3.0) 
Net  charge  in  PBS 
(pH 7.4) 
WT  KFFEAAAKKFFE  +4  (+2/+1)  +1 (+2/‐1) 
K8A  KFFEAAAAKFFE  +3 (+2/0)  ‐1 (+2/‐2) 
K8AK9A  KFFEAAAAAFFE  +2 (+1/0)  0 (+1/‐2) 
K9A  KFFEAAAKAFFE  +3 (+1/+1)  0 (+1/+1) 
K1A  AFFEAAAKKFFE  +3 (+1/+1)  0 (+1/‐1) 
K1AK8A  AFFEAAAAKFFE  +2 (+1/0)  ‐1 (+1/‐2) 
K1AK9A  AFFEAAAKAFFE  +2 (0/+1)  ‐1 (0/‐1) 
 
Table  6.1.  Net  charges  of  K/A  variants  and  the  distribution  of  these  charges  on  either  side  of  the 




For the WT peptide and K/R variants,  there will be an overall  charge  in PBS of +2 on 
one side of the peptide and ‐1 on the other side. These samples show a much higher 
degree of  lateral  association and crystals  formed  in most  instances. None of  the K/A 
variants  share  this  distribution  of  charges,  indicating  that  a  combination  of  +2/‐1  is 
optimal for lateral assembly in the sheet spacing direction. According to the model in 
figure  6.1,  there  are  no  electrostatic  interactions  in  this  direction;  however,  the 
charges  may  still  be  affecting  how  peptides  associate  end‐to‐end  by  imposing  a 
different architecture. Conversely,  it  is also possible that  lysine may hinder growth  in 
the  fibre  axis  (hydrogen  bonding)  direction,  therefore  its  removal  from  certain 
positions allows lengthening of fibres to occur with greater propensity, out‐competing 
lateral assembly and hence fibres form instead of crystals. These proposals are purely 
speculative and the way  in which  lysine may prevent peptide association  in the fibre 
axis direction  is not ascertained, although  it may be that the  larger size compared to 
alanine  imposes  steric  hindrance  thereby  discouraging  association  in  this  direction. 
Lateral  association  in  the  third  direction  (peptide  end‐to‐end)  has  been  discussed 
previously using  the capped peptide  (section 6.3.2). As  the WT peptide, K/R variants 
and K/A variants will all have positively charged N termini and uncharged C termini in 
water,  and  positively  and  negatively  charged  N  and  C  termini  respectively  in  PBS, 
lateral association in this direction will not differ. The formation of fibrils over crystals 
may  also  be  due  to  the  increased  β‐sheet  forming  propensity  of  alanine  (83)  over 
lysine  (74), which would encourage assembly  in  the  fibre axis direction. The β‐sheet 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forming propensity of arginine (93)  is even higher than alanine, yet for most of these 
samples  crystals  formed.  This  again  highlights  the  complexity  of  self‐assembly  of 
peptides  into  amyloid  fibres  and/or  crystals,  a  process  that  is  clearly  determined  by 
many  factors  some of which will  inevitably  override others and become  the “driving 
force”.  
 
The  change  in  net  charge  of  the  K/A  variants  affects  solubility.  In  water,  where  net 




+2  were  less  soluble  (indicated  by  a  yellow  or  orange  box  and  a  larger  precipitate 
forming) and those with a charge of 0 or  ‐1  (samples  in PBS) were  least soluble. The 
exceptions were K1AK8A and K1AK9A  in water  (figures 6.24i and 6.24ii  respectively), 
which  although  having  a  slightly  higher  charge were  relatively  insoluble.  There  is  an 
inverse relationship between solubility and the potential to form fibrils, as mentioned 
previously  (section  6.3.1), with  higher  charges  facilitating  solubilisation but  impeding 
fibrillisation due to repulsion (Calamai et al., 2003; Lopez De La Paz et al., 2002). In the 
case of the arginine variants solubility was much  lower than for the WT peptide and 
consequently  the  abundance  of  material  observed  by  EM,  and  the  intensity  of  the 
spectroscopic  and  fluorescence  signals,  was  dramatically  reduced.  This  was  also  the 
case  for  some  of  the  K/A  variants  and  there  was  more  material  and  more  intense 
signals for all of the peptides in water. As for the arginine variants, the one exception 
to these data was ThT which for K1AK9A in water, K8A in PBS and K1AK8A in water and 
PBS  showed  a  large  increase  in  fluorescence  over  7  days,  despite  there  being  little 
material present. These and the previous results show how the specificity and affinity 
of ThT binding varies dramatically and may indicate that it binds preferentially to some 
structures  over  others.  In most  cases  for  the  K/A  variants  ThT  fluorescence  did  not 
increase,  indicating  no  binding,  which  apart  from  the  samples  mentioned  generally 
correlates with the absence of crystalline material. 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In water, despite the higher charges on the peptides than those in PBS, fibres formed 
in abundance but  lateral  association was  limited. The  fibres  formed by K8A, K8AK9A 
and  K9A  variants  in  both water  and  PBS  are mostly  quite  thin  (3‐12  nm wide),  not 
straight,  and  tend  not  to  bundle,  although  a  larger  aggregate  can  be  seen  in  K8A  in 
PBS. Close inspection of this image reveals this to be a bundle of fibres rather than a 
crystal of  the type seen for the WT; each separate fibre can be  identified whereas  in 
the crystals this is not the case.  In addition, there were far fewer fibres present in the 
K9A sample in PBS, likely to be due to lower solubility. K1A formed slightly wider fibres  
than  the  other  variants  in  both water  and  PBS.  In  both  samples  a  few,  long,  fibres 
appear at time 0 that go on to form very straight fibres that are of a slightly wider (30‐




K1AK8A  and  K1AK9A  behaved  similarly  when  dissolved  in  water  and  PBS  with  low 
quantities of  fibres of  indeterminate  length forming at time 0 that did not appear to 
change significantly after 7 days. Whilst there would clearly be less material due to the 
lower  solubility  of  the  peptides,  the  previous  results  from  other  poorly  soluble 
peptides (K8A in PBS, K8AK9A  in PBS and K1A  in PBS) shows that propensity for fibril 
formation  is  not  solely  determined  by  peptide  concentration,  as  these  samples 
assembled  despite  low  solubility.  These  two  peptides  seemed  to  show  the  lowest 
propensity for fibril  formation and K1AK9A in PBS did not  form fibres at all. This may 
be partly due to the involvement of these residues in the salt bridge, which will affect 
the  stability  of  the  fibres.  However,  K1AK9A  did  form  few  fibrils  in  water,  again 
indicating a role for net charge in fibril formation (the net charge in water is +1 and in 
PBS  is  ‐1).  This  result  supports  the work  of  Lopez  de  la  Paz et.al. who  suggested  an 
optimum peptide  net  charge  of  +1  for  fibril  formation. Other work  investigating  the 
effects of pH and net charge showed that high positive or negative net charges impede 
aggregation  into  amyloid  (Lopez  De  La  Paz  et  al.,  2002;  Picotti  et  al.,  2007).  Many 
proteins  that  have  a  high  content  of  acidic  residues  aggregate  preferentially  at  low 
pH’s where the acidic residues are protonated and the negative net charge is reduced 
(Fandrich  and  Dobson,  2002;  Uversky  and  Fink,  2004).  Furthermore,  many  natively 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unfolded proteins do not  self‐assemble;  this  is believed  to partly be due  to  high net 
charge  (Uversky  et  al.,  2000).  Modulating  the  net  charge  by  changing  pH  has 
demonstrated  its  importance  in  many  amyloid  aggregating  systems  (Calamai  et  al., 
2003;  Picotti  et  al.,  2007;  Schmittschmitt  and  Scholtz,  2003).  Furthermore,  fibril 
forming ability was at  its maximum when the pH was near the pI of  the protein and 
solubility was at a minimum (Schmittschmitt and Scholtz, 2003). This result and others 
support  that  solubility  is  a  determinant  of  fibril  formation,  and  that  increasing 
solubility has an inverse relationship with fibrillisation (Shaw et al., 2001).  
 
The  ThT  fluorescence  for  K1AK8A  and  K1AK9A  in  water  increased  over  7  days  as 
fibrillisation  proceeded  as  expected  and  was  some  of  the  most  intense  of  all  the 
samples  tested,  which  did  not  appear  to  correlate  with  how  much  material  was 
present. Similar results have been observed elsewhere (Pedersen et al., 2006a). Again, 
this result illustrates that caution should be taken when interpreting results from ThT 




The  models  in  figure  6.1  and  6.19  show  the  positions  of  the  lysine  residues  in  the 
proposed model for the crystals. In PBS, having all three lysine residues present seems 
to encourage crystal formation. Replacing K1 with alanine reduces lateral association, 







net  charge,  peptides  will  aggregate  through  side‐chain  interactions  and  backbone 
hydrogen bonding only;  there will be no electrostatic  interactions.  In water,  in most 
cases,  the  fibres  appear  similar  to  their  counterparts  in  PBS.  These  results  suggest 
again that lysine plays an important role in  lateral association and that  its position in 













This  CD  spectrum  is  thought  to  arise  from  soluble  species  (and  not  from  fibrils  or 
crystals)  that  may  be:  i)  monomeric  ii)  small  oligomeric  precursors  iii)  dissociated 
monomer or iv) dissociated oligomers.  
 





nm. There  remains a  negative peak at 190 nm and  the data  for K9A shows  that  the 
small positive peak at 220 nm is maintained although the intense peak in the K8A data 
would drown this out if it were present. There are far fewer fibrils at time 0 when this 




K8AK9A and K1AK8A  in water also  share  similar  spectra  that differ  to  the previously 
observed CD data. In both of these there is a positive maxima at approximately 192 nm 
and  a  less  intense,  broad  minimum  centred  at  around  220  nm.  This  CD  spectrum 
resembles that of a β‐sheet. In the K8AK9A sample it appears that the minima are split 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at around 215 nm and 225 nm, which would be more typical of an α‐helical spectrum. 







and Mao,  1984).  The  ability  to  produce  a  CD  spectra  that  reports  on  the  structures 
observed  by  EM  rather  than  the  material  in  solution  appears  to  correlate  with  the 
width of fibrils as these four cases all produced fibres of around 5‐20 nm width, apart 
from  K8A  which  additionally  produced  some  wider  fibrils.  This  would  suggest  that 
there is a limit to what CD can “see” and report on structurally.  
 
CD data would  imply  that K8A and K9A  in water  share  similar  characteristics  in  their 
structure and assembly, as does K8AK9A with K1AK8A in water. In all cases fibres form 
suggesting association  in the hydrogen bonding direction  is  favoured over the  lateral 
directions. K8AK9A and K1AK8A both have a charge of +1 on one side of the peptide 
and  no  charge  on  the  other  side,  the  only  difference  being  where  this  charge  is 
located.  In  both  peptides  it  would  be  expected  that  no  salt  bridge  should  form,  as 
glutamate  carries  no  charge.  K8AK9A  and  K1AK8A  gave  the  most  β‐sheet‐type 
spectrum  from  all  the  variants  tested.  The  absence  of  this  spectrum  for  the  other 
samples  does  not  exclude  that  the  other  structures  contain  β‐sheets  but  supports 









      Chapter 6 182 
water, K1A in PBS and K1AK8A in both solvents. The signal for K9A in PBS is too low to 
draw  any  conclusions.  There  are  very  weak  fluorescence  peaks  at  around  303  nm 
(when compared to the peak at around 282 nm) for K8A in PBS, K9A in water and PBS 
and K1A in water. Other samples also gave peaks at 303 nm that were quite prominent 








The  results  from  the  K/A  variants  show  that  changing  the  sequence  dramatically 
affects potential for assembly and possibly the arrangement of the peptides within the 
final  structures  formed.  The  lysine  residue  would  appear  important  for  crystal 
formation.  The  overall  net  charge  is  also  important  although  not  the  overriding 




In order  to ascertain  the cytotoxic potential  of  some of  the assemblies  formed  from 
KFFEAAAKKFFE  variants,  toxicity  assays  were  performed  on  SH‐SY5Y  neuroblastoma 
cells. The MTT assay is a common test that reports on cell survival and has been used 
previously  with  many  disease‐related  amyloid‐forming  proteins  to  determine  which 
species  cause  cell  death,  for  example  β2‐microglobulin    (Xue  et  al.,  2009a),  Aβ1‐40 
(Solomon  et  al.,  1997)  and  IAPP  (Brender  et  al.,  2008).  The  cytotoxicity  of  designed 
peptides  that  from amyloid‐like  fibrils has been carried out previously and  the  fibrils 
formed were found not to be toxic  (Fezoui et al., 2000). Similar studies were carried 
out with a selection of assemblies formed here. The current view of amyloid toxicity in 
vivo  is  that  small,  soluble early  stage  species and protofibrils  are  responsible  for  cell 
death and not the full‐length fibrils (Bitan et al., 2005; Conway et al., 2000; Klein et al., 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2001). The variants in the previous chapters formed a wide variety of assemblies that 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The overall trend is that none of the species showed any significant toxicity compared 
to the untreated control. However, at the 1 hour time point (that is, 1 hour after the 
samples  were  added  to  the  cells)  there  does  appear  to  be  some  toxicity  from  the 
K1AK8A variant (short fibres) at 50 µM and the capped peptide freshly prepared at 10 




also  reduces  cytotoxic  effects.  It  has  been  proposed  previously  that  cytotoxicity  is  a 
generic  response  from  misfolded  protein  aggregates,  as  oligomers  formed  from 
proteins unrelated to disease have shown to be toxic to cells (Bucciantini et al., 2004). 
However, the p values calculated from the data are low and the general trend is that 
these  short peptides are not  toxic  to SH‐SY5Y neuroblastoma cells.  These  results are 




Using  a  structural model  previously  determined  (Makin  et  al.,  2005),  variants  of  the 
peptide KFFEAAAKKFFE (WT peptide) were examined to ascertain the contribution of 
particular  residues  to  assembly  and  overall  structure.  In  particular,  the  role  of  the 
phenylalanine  and  lysine  residues  were  explored,  as  aromatic  stacking  and  charge‐
charge interactions were thought to be important in fibril formation. The WT peptide 
forms  crystalline  species  in  PBS  so  the  influence  of  the  charges  at  the  ends  of  the 
peptides  in  lateral assembly was also  investigated. The model of KFFEAAAKKFFE as  it 
exists within fibrous crystals  featured antiparallel β‐strands within each β‐sheet. This 
arrangement was proposed as being partly determined by charge pairings between K1 
on  one  peptide  and  E12  on  the  next  peptide  in  the  hydrogen  bonding  (fibre  axis) 
direction,  and  similar  interactions  between  K9  and  E4.  Furthermore,  aromatic 
interactions  via  π‐π  stacking  between  phenylalanine  residues  were  present  in  the 
model (Makin et al., 2005).  
 
      Chapter 6 185 
At 5 mg/ml, the WT peptide forms crystals in PBS after 7 days agitation that are around 
1 µM in width. At  higher  concentrations  (10 mg/ml and 20 mg/ml),  the WT peptide 





larger  crystals,  possibly  with  the  fibrils  acting  as  a  nucleus.  The  net  charge  on  the 
peptides  in  water  is  +1,  previously  described  as  the  optimum  charge  for  amyloid 
assembly (Lopez De La Paz et al., 2002). In water the peptides have a net charge of +4; 
these  results  show that  this high net  charge prevents assembly  in water as no  fibrils 






by  a  high  aromatic  content,  or  from  small  assemblies  that  contain  stacked  aromatic 
residues. A tilt experiment confirmed that the CD spectrum is not due to LD effects. In 
water, the CD are the same as in PBS, supporting the view that this technique is only 
seeing  what  is  in  solution.  However,  intrinsic  phenylalanine  fluorescence  and  ThT 
fluorescence differed between WT in water and PBS and show that WT crystals cause 
additional phenylalanine fluorescence peaks to appear at 303 nm, which may be due 
to π‐π  stacking within  the  structure.  The  crystals  also  bind  ThT,  suggesting  they  are 
amyloid‐like.  
 




but  only  fibres,  not  crystals,  form.  This may  be  because  the  competition  for  lateral 
peptide association is reduced as there are no charged ends. CD spectra for the capped 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peptide in water are unusual although differ to the WT peptide, with the minimum at 
around  200  nm  more  pronounced,  maybe  due  to  oligomeric  structures  that  are 
different  to  the WT structures. The presence  of  a peak at 303  nm  for phenylalanine 
fluorescence suggests π‐π stacking, it is possible that this arises from small structured 
species  not  visible  by  EM.  This  is  supported  by  previous  results  indicating  that  the 
capped peptide can form fibrils in water at higher concentrations. In PBS again the CD 
spectrum  is  unusual  and  differs  to  the  WT  and  the  peak  in  the  phenylalanine 




Replacing any of the F residues  in the WT sequence resulted  in no fibril  formation  in 
either solvent. CD spectra were typically random coil corroborating earlier suggestions 
that the other CD data are influenced either by F contributions or aromatic stacking. As 
expected  there  was  no  peak  in  either  intrinsic  phenylalanine  or  ThT  fluorescence 
spectra. The aromatic residues in this sequence are therefore essential for assembly.  
 
K/R  variants  in  water  behaved  the  same  as  WT.  In  PBS  however,  results  varied, 
indicating that very small chemical differences can have dramatic effects on assembly 
and structure. Changing K8 to R appeared to have to most effect and very short (and 
few)  fibres  formed.  Only  K9R,  K1RK8R  and  K1RK9R  formed  crystals  similar  to  WT 
crystals  in  PBS.  Notable  by  its  absence  was  a  peak  at  303  nm  in  phenylalanine 



























thought  to  be  due  to what  is  in  solution  and  not  the  assembled  species,  and  these 
were  slightly  wider.  Many  of  the  variants  in  water  showed  a  peak  at  303  nm  for 
intrinsic  phenylalanine  fluorescence  spectra  showing  that  aromatic  interactions  are 
maintained in some variants but less so in others, possibly due to variations in peptide 
packing induced by the mutations. Thioflavin T showed extremely varied binding that 
did  not  correlate  with  either  how  many  fibrils  were  present  or  their  morphology, 
highlighting its varying affinity for amyloid structures. Preliminary toxicity studies on a 




is  determined. Many  factors  contribute  and  changing  conditions  only  slightly  would 
appear to have dramatic effects on underlying structure. To further probe the peptide 
arrangements within  these  fibres,  fibre  diffraction was  carried  out  on  several  of  the 
peptide variants in the following chapter. 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A  model  of  the  structure  of  the WT  sequence  KFFEAAAKKFFE  as  it  exists  within  an 
amyloid‐like crystal has been built previously using X‐ray fibre and electron diffraction 




a  bundle  of  KFFEAAAKKFFE  fibres. Direction  ‘a’  refers  to  the  hydrogen  bonding  distance  between β‐
strands along the fibre axis and corresponds to the 4.76 Å meridional reflection. The 10.7 Å equatorial 




To  examine  the  internal  architecture  of  the  species  formed  by  the  variants  in  the 
previous  chapter  at  a  higher  resolution,  fibre  diffraction  was  carried  out  on  the 
variants of this peptide that formed abundant fibres or crystals after 7 days as shown 
by  EM  micrographs.  Successful  alignment  relies  partly  on  a  high  concentration  of 
material;  therefore  early  stage  species were  not  investigated  as  in most  cases  there 
were  insufficient  amounts  of  fibres  and  crystals  present.  Analysis  of  fibre  diffraction 
      Chapter 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189 
patterns  from  the  variants  could  aid  in  the  determination  of  any  possible  structural 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 Alanine variants  Arginine variants 
























          43.00          49.63 
        37.00      32.75  33.00    35.84 
                     
24.43  
[0 0 2] c 
22.10  21.62  22.20  21.75    23.2  26.57 
(ring) 
24.40  25.38  26.02 
                  21.00  22.38 
19.94  
[0 1 1] 
        19.36           
                    18.38 
  15.63    15.03               
          14.05           
13.27  
[0 1 3] 
13.77            12.59      13.32 
  11.17                11.18   
                    11.06 
10.66  
[0 2 0] b 
  10.66  10.70      10.40  10.51  10.70     
        9.84      9.80      9.68 
          9.46        9.50  9.40 
9.33  
[1 0 1] 
            9.30       
8.69  
[1 1 0] 
8.77    8.99        8.45       
7.93  
[0 2 4] 
    7.86      7.89      7.83   
              7.64    7.61  7.60 
7.19  
[0 2 5] 
  7.15  7.15               
  7.09            7.11       
          6.72           
  6.36                  6.40 
6.13  
[1 0 6] 
          6.08         
5.65  
[1 3 1] 
      5.52          5.59   
  5.45                   
5.33  
[0 4 0] 
5.29  5.35  5.36        5.27       
          5.16           
                     
4.91  
[1 3 5] 
                  4.84 
                  4.73   
4.66  
[2 0 1] 
                4.60   
          4.46    4.58    4.55   
4.37  
[1 3 7] 
                  4.34 
      4.21        4.26    4.23   
4.00  
[0 0 12] 
            4.06    4.00   
Meridional   
  9.08                   
  8.66  8.89  8.83      8.6  8.78    8.76  8.83 
4.76 
[2 0 0] a 
4.60  4.67  4.67  4.70  4.59  4.66  4.65*  4.71  4.63  4.65 
  4.44            4.47  4.48  4.55  4.50 
          4.26    4.26    4.35   
          4.06           
  3.11        3.60          3.40 
  2.27          2.37  2.35    2.35   
  2.16            2.21 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Off‐meridional      
  7.86                7.25  4.33 
  6.03                6.03   
  5.29            5.53    5.13   
  4.15            4.26      3.97 
  3.90            3.70      3.85 
  3.77            3.62    3.70  3.74 
  3.53            3.57    3.62  3.57 
  3.50            3.50    3.57  3.49 












than  others  (shown  in  bold  and  italics  respectively).  Each  variant  has  at  least  one 
strong equatorial reflection, which arises from the sheet spacing (b direction) or chain 
length  (c  direction)  and  an  intense  meridional  reflection  that  corresponds  to  the 
distance  between  β‐strands  on  the  hydrogen  bonding,  or  fibre  axis,  direction  (a). 
Examination  of  the  d‐spacings  given  in  table  7.1  reveals  certain  similarities  and 
differences between  the variants  compared  to  the WT peptide and  to each other. A 
visual  assessment  of  the  diffraction  patterns  shown  in  figure  7.2  shows  how much 
more  ordered  the  crystalline  samples  are  compared  to  fibres.  Figures  7.2a‐f  are 
diffraction patterns  from  fibrillar  samples  (capped peptide and alanine variants).  The 
diffraction signals here are much more diffuse than those shown in figures 7.2g‐j that 
are from the more crystalline K/R variants. Although  information can be gained from 





The only variant  for which  diffraction data was obtained  in both PBS and water was 
K8A.  K8A  in  PBS  and water  have  very  similar  diffraction  patterns  (figure  7.2a  and  b) 




of  similar  width  (20‐60  nm).  The  thioflavin  T  data  does  not  appear  to  support  this 
finding, as it seems to bind to the fibres in PBS preferentially over those in water. This 
discrepancy  may  be  due  to  solution  conditions,  which  can  influence  binding.  In 
particular,  low  pH’s  have  been  seen  to  reduce  ThT  binding  efficiency  (Naiki  and 
Nakakuki,  1996).  Therefore,  whilst  the  positive  ThT  result  in  PBS  suggests  that  the 






the WT  peptide,  for  which  a  model  has  been  produced  (figure  7.1a)  (Makin  et  al., 
2005).  Initial  examination  of  reflection  positions  reveals  that  some  of  the  variants 
differ  to  the WT structure more  than others. The  low‐angle  reflection  in  the pattern 
from the WT structure at 24.43 Å arises from the chain (peptide) length and is indexed 






packing  arrangements  within  the  structure  and  that  the  unit  cell  dimensions  are 
altered. The chain length for the capped peptide also appeared more like the alanine 
variants  than WT.  This  result  correlates with  EM  results  that  show  that  the  capped 
peptide and  the K/A variants  form  fibres and  the WT peptide and K/R variants  form 
wider  crystals and again  imply a  role  for  lysine  in  lateral  association of peptides and 
crystal formation. 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that  is  exposed  to  the  X‐rays  are  associated  and  can  have  a  dramatic  effect  on  the 
resultant  diffraction  image.  Different  alignment  methods  can  produce  samples  with 




as  the others and  some may be  oriented differently with  respect  to  the X‐ray beam 
compared  to  others within  the  “aligned”  bundle.  Alternatively,  the  different  texture 
may  be  induced  by  the  sample  having  a  different  conformation,  such  as  a  cylinder, 
were the 43 Å signal arises  from the width across the cylinder. Although the pattern 
itself appears different, many of the diffraction signals are  in similar positions to the 







not  appear  on  the  diffraction  image.  Therefore,  K9A  in water may  have  a  different 
symmetry  arrangement  to  the  WT  peptide  in  PBS.  Imperfect  symmetry  would  also 




Å,  indexed  to  [0 0 2]  (half  the b  dimension of 21.3 Å) and  representing  the distance 
between the β‐sheets in the structure. Again, the strongest corresponding reflections 
are  given  in  bold  and  are  present  in  the  shaded  area  in  table  7.1  alongside  the WT 
reflection.  Comparison  of  the  reflections  from  the  variants  with  the  WT  peptide 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reveals that K8A of the alanine variants, and K8RK9R and K9R of the arginine variants 
have  similar equatorial  reflections  to  the WT peptide and  that  these mutations have 
less of a structural  impact  in this direction. The majority of alanine variants however 
have smaller b direction spacings.  It  is  likely that the removal of  lysine reduces steric 
hindrance, enabling  the  sheets  to  come closer  together and  it would appear  that K9 
has some  influence  in determining this distance as the greatest reduction was  in the 
K8AK9A and K9A samples.  For  the K/R variants K1RK8R and K1RK9R gave  the  largest 








spacing)  for  the  capped peptide  seem most  similar  to  the  K9A  variant, which  it  also 
appears  similar  to  in  EM  images.  The  K8AK9A  variant  also  formed  very  thin  fibres 
visible by EM in water and the reflection positions were similar to K9A  in water.  It  is 
likely  that  K8AK9A,  K9A  and  the  capped  peptide  in  water  all  adopt  similar 









which was  indexed  to  [2  0 0] and was approximately half  the unit  cell a  distance of 
9.52  Å.  This  cell  dimension  reflects  the  antiparallel  arrangement  of  peptides  within 
each  β‐strand  in  the  model  for  the  WT  peptide  and  is  systematically  absent  in 
diffraction  patterns  owing  to  the  odd  [1  0  0]  indexing.  Many  of  the  variants  gave 











Following  this  initial  analysis  comparing  reflections,  the  reflections  from  those 
experimental  patterns  that  were  sufficiently  detailed  were  indexed  to  attempt  to 
determine unit cell dimensions for the variants, which could then also be compared to 
the  WT  unit  cell.  K8AK9A  in  water,  K1A  in  water  and  K9R  in  PBS  contained  few 
reflections and were exempted from unit cell calculations, as was K8A in water which 
was previously established as very similar  to K8A  in PBS.  In order  to  compare  to  the 
WT peptide, the same indexing system was employed that was used for the WT. Using 




signals were entered and varied from  [0 0 0] up  to an appropriate possible  indexing. 
The  low  angle  reflections  in  table  7.1  that  corresponded  to  the  chain  length  (b 
direction)  and  sheet  spacing  (a  direction)  were  defined  as  [0  0  2]  and    [0  2  0] 
respectively. For example, for K8A in PBS, unit cell dimensions of b = 15 Å and c = 25 Å 




0] maximum:  [0 4 4]. Using  this  indexing  system would ensure  that 22.2 Å would be 
defined as the c direction and 10.70 Å would be defined as the b direction, in keeping 
with  the WT peptide. The program was  then allowed  to  search  the defined unit  cell 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space  to  index  the  reflections  and  possible  unit  cell  dimensions  generated.    Only 
reflections  up  to  a  resolution  of  4 Å were  entered,  those  higher  than  this were  not 
included  in  calculations  as  they  could  be  indexed  in  many  ways.  Off‐meridional  or 
weak signals were also mostly not included in calculations.  Possible unit cells for each 

















B  21.3  21.80  21.60  18.35  21.26  22.80  21.93 





The  unit  cell  generated  for  the  capped  peptide  was  similar  in  the  b  direction  but 
differed significantly in the c direction and could not be indexed to a cell similar to the 
WT.  It might  be  expected  that  the  narrow  filaments  formed  by  the  capped  peptide 
would be  in a different arrangement to those  in  the WT structure. K/A variants have 
overall  smaller  unit  cell  dimensions  than  WT.  The  chain  length  direction  for  K9A  is 
considerably smaller, perhaps suggesting that the peptides are arranged more like the 
capped peptide  than  the WT peptide. The unit  cell  for K8A  is  very  similar  to  the WT 
peptide even though fibres, and not crystals, were observed  in EM images. However, 
the  fibres  formed  by  K8A  tend  to  be wider  and  varied  in width  compared with  the 
capped peptide and K9A, between approximately 20 nm and 60 nm, indicating that in 
these  fibres  the  peptide  arrangement  seen  in  crystals  of  the  WT  peptide  could  be 




arginine  increases  both  the  sheet  spacing  and  the  distance  between  peptides 
associated end‐to‐end. 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The  WT  structure  featured  a  brick‐like  arrangement  of  peptides,  arising  from  the 
symmetry imposed by the space group (figure 7.3a). Fibre diffraction data supports a 
similar  arrangement  for  the  K/R  variants,  except  with  increased  chain  length 
dimensions  and  sheet  spacings  (figure  7.3b).  K8A  forms  fibres  as  observed  by  EM 
although somewhat different in morphology to those formed by K9A and the capped 
peptide.  The  structural  data  presented  here  for  K8A  is  in  agreement  with  the  WT 








Aromatic  interactions are highlighted  in the green circle. b) K1RK9R with model  illustrating the spacing 
imposed  by  the  presence  of  arginine.  c)  K8A.  d)  K9A.  e)  capped  peptide,  for  which  the  structure  is 
unknown but not likely to be similar to the WT arrangement. View is looking down the fibre axis.  






bridge  appears  to  offer  some  stabilising  force  as  the  fibril  forming  propensity  of 
K1AK9A  in  PBS  is  significantly  decreased  (section  6.2.5).  However,  in  water,  there 
would  be  no  such  interaction  due  to  the  lack  of  any  charge  on  glutamate  residues. 
These  results  help  to  explain  some  of  the  results  from  the  biophysical  analyses  in 
chapter  6.  The  K/R  variants  showed  a  longer  chain  length  and  sheet  spacing  when 
compared  to  the  WT  peptide  and  it  is  possible  that  this  affected  the  aromatic 






form  fibres  that  are  similar  in  structure  to  one  another.  Indeed,  EM  images  of  K9A 
stood out, as they were much thinner and less straight than the other K/A variants and 













the  system  made  it  possible  to  draw  specific  conclusions.  The  questions  to  be 
answered were: 
1. How do aromatic  residues,  in particular phenylalanine, and π‐π  stacking  influence 
assembly and structure? 





Mutational  scans,  capping  peptide  ends,  changing  solution  conditions,  examining 









but  this  propensity  cannot overcome  the  barrier  induced by disrupting  the aromatic 
interactions.  
 








less  likely  to  form  fibres  due  to  increased  repulsion.  At  5 mg/ml,  it  seems  that  the 
threshold  for  fibril  formation  for  the  variants  tested  here  is  +4,  under  which 
fibrillisation  is  permitted.  Peptides with  a  net  charge  of  +2  or  +3  i.e.  K/A  variants  in 
water, formed fibres. These fibres were mostly very narrow and they resembled their 
counterparts in PBS by EM, biophysical methods and fibre diffraction. Therefore, whilst 
net charge may have a role  in propensity to aggregate, it  is unlikely that it  influences 
structure.  For  fibrils  to  form  at  a  high  net  charge,  the  repulsion  induced  must  be 
overcome  by  another,  stronger  interaction,  probably  aromatic  in  nature.  Therefore, 




share this net  charge, both of which formed fibrils  in PBS. Therefore,  the overall net 
charge is not solely responsible for the inability of K1AK9A to fibrillise. It may be that 
disrupting  both  salt  bridges  prevents  stabilisation,  or  it  may  be  due  to  the  charge 
distribution  on  either  side  of  the  peptide  molecule.  It  would  seem  that  the  latter 




can  have  dramatic  effects  on  assembly,  possibly  due  to  its  larger  size,  although  the 
location  of  the  residue  is  important.  The  overall  structure  seen  in  the  WT  peptide 
appears  to  be maintained  in  the  K/R  variants,  albeit  with  increased  sheet  spacings, 
which affects aromatic  interactions as observed by EM studies. The K/R variants that 
formed narrower crystals could still contain the same packing arrangement as the WT. 
Crystal  growth may  be  prevented  by  either  because  propensity  to  aggregate  in  the 
fibre axis direction is increased, or from a decreased propensity to aggregate laterally.  
 




in  the  hydrogen  bonding  direction  to  form  β‐sheets.  K1A  and  K8A  appeared  most 
similar  to  the WT  peptide  from  EM,  CD  and  fibre  diffraction  (although  K8A  CD was 
similar to K9A in water). However, although they were similar, other biophysical data 
showed  differences,  for  example  the  ability  to  bind  ThT.  FD  data  showed  that  K8A 








must  be  positively  and  negatively  charged.  However,  charged  ends  do  not  ensure 





The  experiments  revealed  some  other  points  of  interest.  Firstly,  atypical  CD  spectra 






was  observed.  It  may  be  concluded  that  for  this  system  at  least,  and  possibly  for 
amyloid  polymorphs  formed  from  short  peptides  in  general,  ThT  is  an  unreliable 
method for making any  inferences  into the nature of the species  formed.  In another 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study  it was  claimed  that monitoring  intrinsic  fluorescence  (from  tryptophan) was  a 




These  results  demonstrate  the  complexity  of  amyloid  formation  and  the 
polymorphisms  that  can  be  induced  by  very  small  chemical  or  experimental 
modifications. Much effort has gone into establishing what drives assembly. A low net 
charge  has  been  previously  described  as  one  of  the  three  main  promoters  of 
aggregation  into  amyloid,  along  with  high  hydrophobicity,  presence  of  aromatic 
residues and β‐sheet forming propensity (DuBay et al., 2004; Jones et al., 2003; Pawar 
et  al.,  2005).  Individual  determinants  of  fibril  formation  may  be  placed  in  two 
hierarchies,  one  for  assembly  and  one  for  structure,  where  at  the  top  lies  the 








structure  is.  Many  of  them  are  inextricably  linked,  for  example  final  peptide 
concentration will depend partly on solubility. Which are the overriding driving forces 
will  depend  on  the  individual  system.  For  example,  hydrophobicity  has  previously 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shown  to  have  a  greater  influence  than  net  charge  in  aggregation  (Calamai  et  al., 
2003). Here, aromatic content appears to be most  important, at  least  in determining 
assembly.  They  will  influence  peptide  arrangements  within  structures  and  bonding 
patterns. This may be illustrated using the WT peptide, for which most structural data 
is known. First,  the presence of aromatic  residues dictates the formation of a critical 
nucleus.  It  may  be  that  this  nucleus  is  formed  of  monomers  whose  phenylalanine 
residues  intercalate  rather  than have any β‐sheet  content. Antiparallel β‐sheets may 
form next, and this is governed by the charges. The overall net charge is +1, the charge 
on each side of the peptide is +2/‐1 and the locations of these charges are in specific 
positions  in  the  sequence.  Because  the  aromatic  residues  have  determined  the 
association between the sheets, the peptide ends are left exposed – like “sticky ends” 
for  further  association  through  aromatic  interactions,  building  up  a  brick  like 
arrangement. For the fibrillar species, a completely different bonding pattern may be 
present  whereby  a  brick  like  arrangement  is  not  present  and  therefore  lateral 
association is not able to proceed. The nature of the early stage species will also vary 





to be competitive. Growth  in any of  these directions  is  therefore a  fine balance  that 
depends  on  the  interactions  mentioned  above.  It  would  seem  that  generally 
association  is  favoured  in  the  hydrogen  bonding  direction,  even  in  crystals.  This  is 
particularly  promoted  by  raising  the  peptide  concentration.  The  highly  polymorphic 
nature  of  even  short  amyloidogenic  peptides,  and  their  ability  to  adapt  to  the 
mutations  imposed  upon  them  to  form  different  structures,  possible  with  different 
assembly pathways, is made clear from the data presented here. These results help to 
build a picture and clarify what determines the propensity to aggregate into amyloid, 
which may  be  distinct  from  those  factors  that  dictate  the  formation  of  a  particular 
structure.
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8. DISCUSSION 
The work  presented  here  details  the  assembly  and  structure  of  two  peptide model 
systems, both of which have been previously characterised structurally and therefore 
provide  excellent  starting  points  for  further  investigation.  The  yeast  prion  fragment 
GNNQQNY  is  known  form  fibres and crystals,  the  structure of  the  latter having been 
elucidated and proposed as relevant to the fibril structure (Nelson et al., 2005; Sawaya 
et al., 2007). All of the previous work on GNNQQNY focused on the structures of the 
final  stage  species  formed  and  uncovered  its  polymorphic  potential,  with  different 
models being proposed for both fibres and crystals (Diaz‐Avalos et al., 2003; Nelson et 
al., 2005; Sawaya et al., 2007; van der Wel et al., 2007). However, no investigation had 
been  carried  out  into  the  assembly  of  these  structures,  which  would  provide  more 
insight  into  how  the  different  polymorphisms  arise.  Furthermore,  the  two  crystal 
structures  for  GNNQQNY  differed  significantly  in  the  packing  of  the  peptide  and  in 
particular  around  the  location  of  the  tyrosine  residue.  The  research  aims  here were 
twofold;  firstly,  how do  fibres  and  crystals  of GNNQQNY  form  and  are  the  resulting 
structures related to each other, or to the previously published models, and secondly, 
can  the  generation  of  these  different  polymorphic  species  be  explained  by  the 
involvement of the tyrosine residue in assembly? 
 
The  second  system  examined  was  based  on  the  sequence  KFFEAAAKKFFE  that  has 
been  structurally  characterised previously using electron and  fibre diffraction  (Makin 
et  al.,  2005).  Variants  of  this  sequence  were  constructed  to  explore  the  roles  of 
particular  residues  on  assembly  and  structure  of  the  peptide,  using  the  well‐
characterised WT peptide as a basis for comparison. Polymorphism in amyloid fibrils is 
well known (Petkova et al., 2005) and short peptides able to form amyloid–like fibres 
and  crystals  can  give  more  specific  information  on  the  sequence‐structure 









form,  followed  by  crystals  (figure  6.3).  The  ability  to  form  wide,  three‐dimensional 
crystals therefore appears to be affected by concentration, with lower concentrations 
seeming  to  propagate  wider  crystals,  possibly  due  to  a  more  controlled  growth 
mechanism. However, striations seen in crystals and the high length:width ratio would 
suggest that growth is favoured in the hydrogen‐bonding direction along the fibre axis. 
Therefore,  it  is unlikely that crystals of amyloid forming proteins will assemble  in the 
same  manner  as  crystals  of  globular  proteins,  which  may  not  exhibit  such 
directionality.  If  the  same peptide  is able  to  form crystals and  fibres under different 
conditions, are they structurally discrete from each other? This question will have an 










that  is  constantly  dissociating  and  re‐associating.  Fragmentation  as  a mechanism  for 
generation of oligomers has been observed previously (Collins et al., 2004; Xue et al., 
2009a).  In addition, many of  the K/A variants were able  to  form  fibres  in water  that 
never  formed crystals and even forced alignment carried out  in preparation for  fibre 
diffraction experiments did not always induce the fibres to associate laterally. It would 
appear that in some cases fibres are the most stable conformation a peptide can adopt 













time  points  and  crystals  later  on,  the  fibre  is  potentially  also  acting  as  a  nucleus  to 
which  monomers  add  in  all  directions,  although  preferentially  in  the  fibre  axis 
direction, eventually forming a crystal. Therefore, for amyloidogenic peptides that are 
able to form crystals,  like those characterised here,  the fibres observed at early time 
points  are  a  stage  in  the  crystallisation  process.  The  crystal  could  be  considered  a 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polymorph and while they may have fibrillar features, they are not composed of fibres.  
Therefore,  fibres  could  be  considered  as  on‐pathway  to  crystal  formation  i.e 
Monomer↔Fibril→Crystal,  or  off‐pathway,  meaning  that  Monomer↔Fibril  is  a 
separate pathway  to Monomer→Crystal.  The  reversible  reactions  (↔) may  sustain a 
population of monomer (or oligomer)  for either fibril or crystal growth (figure 8.1). It 
would  appear  that  once  crystals  are  formed  they  do  not  revert  back  to  fibres, 
indicating  they  are  the most  stable  polymorph.  A  fine  balance  of  conditions will  be 
required for optimisation of crystal formation over fibril formation or vice versa. These 
will  induce  different  bonding  patterns  and  therefore  potentially  different  structures 
between fibres and crystals.  
 
Both  fibril  formation  and  crystal  formation  will  be  affected  by  a  number  of  factors 
(figure 7.4). The aromatic residues in both of the systems tested here appear to play an 
essential  role  in  fibril  formation,  and  support  previous  observations  that  aromatic 
residues provide a driving force for fibril formation (Reches and Gazit, 2003). However, 





in  systems  (Bemporad  et  al.,  2006;  Lopez  de  la  Paz  and  Serrano,  2004;  Tracz  et  al., 
2004)  and  if  the  hypothesis  that  any  polypeptide  is  able  to  form  amyloid  (under 
appropriate  conditions)  is  correct  (Dobson,  2003),  aromaticity  may  prove  less 
fundamental. For GNNQQNY, it would appear that the aromatic residue is responsible 
for  polymorphism.  This  may  not  be  true  for  the  KFFEAAAKKFFE  variants.  Removing 
phenylalanine completely diminishes fibril‐forming propensity, but other residues are 
highly influential in the species observed. Mutating aromatic residues in these systems 
may  help  to  establish  how  the  specific  chemical  nature  of  the  residue  affects 
fibrillisation. For example, phenylalanine could be replaced with valine, which is known 
to  have  a  high  β‐sheet  forming  propensity  (Du  et  al.,  2003).  Furthermore,  factors 
particular to the experiment will be of importance. At lower concentrations, in both of 
the systems tested here, there is slower growth, which leads to bigger, wider crystals. 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At  high  concentrations,  longer  crystals  and  even  fibres  are  formed  from  the  same 
peptide.  This  supports  the  view  that  hydrogen  bonding  is  favoured  at  higher 
concentrations.  More  nuclei  will  form,  although  it  is  not  ascertained  whether  fibril 
nuclei are distinct from crystal nuclei. The presence of alanine in the K/A variants may 
increase  the  propensity  to  form  fibrils,  and  not  crystals,  further,  due  to  its 
hydrophobicity. Alternatively,  it may be  that  the presence of  lysine  promotes  lateral 
association. This could be tested by performing an extensive scan of each residue with 
each of the other 19 amino acids and initially investigating by EM whether fibrils form. 
In  particular  the  role  of  electrostatic  interactions  could  be  investigated  further  by 
mutating  the  glutamate  residue.  Overall  it  would  seem  that  hydrogen  bonding  and 
association in sheet spacing and chain length directions are competitive. Backbone β‐
strand  hydrogen  bonding  is  generally  the  winner;  it  is  just  a  matter  of  how  much 
competition  is  provided  (determined  by  the  factors  in  figure  7.4)  that  decides  how 
much lateral association there is.  
 
To  date,  peptides  up  to  only  7  residues  in  length  have  been  crystallised  and  their 
structure as it exists in the crystal determined (Ivanova et al., 2009; Nelson et al., 2005; 
Sawaya et al., 2007; Wiltzius et al., 2008). It would seem that in order for crystals to be 
formed  from amyloidogenic  peptides  they  need  to  be  able  to  order  themselves  in  a 
very specific way, different to the way they order themselves in a fibre. An extended β‐
sheet may  be  essential  for  crystalline  arrangements  to  form  from  amyloid  proteins. 
This may  help  to  explain why  only  short  peptides  can  form  single  crystals,  peptides 
that are slightly  longer are able to form fibrous crystals and why  longer proteins and 
peptides do not form crystals at all. The brick like arrangement seen for KFFEAAAKKFFE 
and  the  two  GNNQQNY  crystal  structures  would  not  be  attained  by  a  peptide  or 




for  amyloid  structure  determination  it  may  be  preferable  to  use  an  arsenal  of 
biophysical techniques to gain insights into assembly and structure, rather than rely on 
X‐ray  crystallography  as  a  method.  Caution  should  be  taken,  illustrated  by  the  ThT 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these  materials  have  been  described  previously  (Cherny  and  Gazit,  2008).  From  a 
therapeutic perspective, model systems can give details on which fragments of larger 
proteins  determine  the  amyloid  state,  and  agents  can  be  designed  to  counteract 
assembly.  The  emerging  view  is  that  small  oligomeric  species  are  toxic  to  cells 
(Caughey  and  Lansbury,  2003)  and  effort  is  now  being  placed  into  determining  the 
structure of these species (Relini et al., 2010). The nature of the toxic species may turn 
out  to  be  polymorphic,  just  as  the  higher  species  are,  with  toxicities  that  vary with 
structure (Bucciantini et al., 2004; Relini et al., 2010). Further toxicity studies with early 
stage species and fibrils that may provide a pool of monomeric peptide, like those used 
here,  would  be  of  interest.  It  is  possible  that  disease  related  peptides  form  specific 
structures, or contain certain motifs, that are toxic, which short peptides cannot form. 
Comparison of oligomer structures to fibril structures will help to explain toxicity and 
whether  it  is  a generic property  of  small misfolded oligomers,  or whether  there  is a 
structural dependence. Methods for analysing structure of these small  intermediates 






study. The  results and conclusions drawn demonstrate how even  short peptides  can 
provide  a wealth  of  information  on what  drives  the  formation  of  the  amyloid  state. 
Carrying out further experiments on these peptides and variants thereof could extend 
the work presented here. Solid state NMR on both GNNQQNY and KFFEAAAKKFFE and 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the  related  variants  could  provide  restraints  so  that more  detailed models  could  be 
built. In the case of GNNQQNY, the models of the fibres and crystals produced under 
the conditions used here could be compared to other solid state NMR data (van der 
Wel  et.  al.,  2007),  as  well  as  the  previously  published  crystal  forms  (Nelson  et.  al., 
2005;  Sawaya  et.  al.,  2007).  As mentioned  above,  the  role  of  the  tyrosine  residue  is 
GNNQQNY could be explored experimentally to determine how essential this residue is 
in assembly of  fibres and crystals. The mechanism by which crystals  form from fibres 
could  also  be  investigated,  although  it  is  likely  that  the  process  is  complex  and 




and  the  related  variants  could  also  enable  the  building  of  more  detailed  structural 
models. Solution NMR studies on those peptide variants that appeared not to fibrillise 
would  also  help with  interpretation  of  CD  spectra  and  help  to  corroborate whether 
indeed small soluble species are forming. 
 
A  combination  of  mutagenesis  and  bioinformatical  studies  could  provide  further 
information  on  how  specific  residues  contribute  to  assembly.  Algorithms  like  those 
mentioned  in  chapter  1  could  be  used  to  design  other  variants  based  on  these 
peptides  and  molecular  dynamics  simulations  could  aid  in  understanding  how  they 
assemble.  In  all  cases  it  would  be  essential  to  verify  these  results  and  hypotheses 
experimentally. The results from the KFFEAAAKKFFE variants showed that side chains 
that may appear  similar  can have very  specific effects due  to  their  complex physico‐
chemical properties and “small”  sequence changes may not be so. The  role of  lysine 
was  shown  to  be  particularly  complex  and  it  may  be  of  benefit  to  perform  the 
expeirments carried out here on other variants. For example lysine could be mutated 
to either leucine or isoleucine, which would diminish the positive charge but maintain 
the  hydrophobic  chain.  This  would  test  the  importance  of  the  hydrophobic  chain  in 
lysine.  Furthermore,  variants  could  be  constructed  that  contain  non‐natural  amino 
acids. Combined with structural methods, the results could give deep insight into the 
effect  of  very  small  chemical  changes  on  assembly  and  structure.  It  would  also  be 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worthwhile to add to the literature with more results from toxicity studies using these 
assemblies  and  how,  if  at  all,  the  ability  to  cause  cell  death  or  infectivity  relates  to 
structure.  
 
Many proteins  and  peptides  are  known  to  form  amyloid  polymorphs.  Precisely  how 
the generation of one conformation over another is favoured is unknown but will be a 
delicate balance of a variety of determinants. It  is clear that even very small peptides 
can  compensate  for  variables  imposed  upon  them  to  form  very  different  structures. 
Polymorphs may  differ  in  their  cytotoxic  potential, which will  impact  on  therapeutic 
design  and  in  choosing  potential  biomaterials.  Short  sequences  and  different 
experimental  procedures  can  help  establish  rules  for  amyloid  formation.
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Sequence  From  Reference  Notes 









QKLVFF  Aβ 15‐20  (Tjernberg, 1996)  Aβ inhibitor 
LPFFD  Designed  (Soto, 1998)  Aβ inhibitor 




EVHHQKLVFFAEDVG  Aβ 11‐25  (Sikorski, 2003)  FF interactions 




















VYK  Tau  (Goux, 2004)   
NFGSQV  Medin   (Reches, 2004)   
VEALYL  Insulin  (Sawaya, 2007)   
LYQLEN  Insulin  (Sawaya, 2007)   
VAQKTV  α‐synuclein  (Madine, 2008)   
NFLVH  IAPP  (Mazor, 2002)   
SFNNGDCCFILD  Gelsolin  (Maury, 1992)   
SFFSFLGEAFD  Serum amyloid A  (Westermark, 1992)   
 
 
      Appendix 254 
ii. Amyloid structures in the Protein Data Bank 
 























































































2bfi  KFFEAAAKKFFE  Makin PNAS  XRFD  Designed   










































h  k  l  d‐
spacing  (ximageplate,yimageplate)  (ximageplate,yimageplate)  Coordinates  
0  0  1  22.444  (28, 0)  (‐28, 0)  (∞, ∞, 22.44443)  
0  0  2  11.222  (55, 0)  (‐55, 0)  (∞, ∞, 11.222215)  
0  0  3  7.481  (84, 0)  (‐84, 0)  (∞, ∞, 7.4814763)  
0  0  4  5.611  (113, 0)  (‐113, 0)  (∞, ∞, 5.6111073)  
0  0  5  4.489  (144, 0)  (‐144, 0)  (∞, ∞, 4.488886)  
0  0  6  3.741  (176, 0)  (‐176, 0)  (∞, ∞, 3.7407382)  
0  0  7  3.206  (211, 0)  (‐211, 0)  (∞, ∞, 3.206347)  
0  0  8  2.806  (249, 0)  (‐249, 0)  (∞, ∞, 2.8055537)  
0  1  0  4.87  (0, 132)   (∞, 4.87, ‐∞)  
0  1  1  4.759  (19, 134)  (‐19, 134)  (∞, 4.87, 22.44443)  
0  1  2  4.467  (53, 135)  (‐53, 135)  (∞, 4.87, 11.222215)  
0  1  3  4.081  (83, 136)  (‐83, 136)  (∞, 4.87, 7.4814763)  
0  1  4  3.678  (114, 139)  (‐114, 139)  (∞, 4.87, 5.6111073)  
0  1  5  3.301  (146, 142)  (‐146, 142)  (∞, 4.87, 4.488886)  
0  1  6  2.967  (180, 146)  (‐180, 146)  (∞, 4.87, 3.7407382)  
1  0  0  20.972  (29, 0)  (‐29, 0)  (21.94, ‐∞, 71.40576)  
1  0  1  13.476  (46, 0)  (‐46, 0)  (21.94, ‐∞, 17.076807)  
1  0  2  8.87  (70, 0)  (‐70, 0)  (21.94, ‐∞, 9.698056)  
1  0  3  6.471  (97, 0)  (‐97, 0)  (21.94, ‐∞, 6.771951)  
1  0  4  5.062  (126, 0)  (‐126, 0)  (21.94, ‐∞, 5.2023067)  
1  0  5  4.147  (157, 0)  (‐157, 0)  (21.94, ‐∞, 4.223385)  
1  0  6  3.509  (190, 0)  (‐190, 0)  (21.94, ‐∞, 3.5545268)  
1  0  7  3.039  (225, 0)  (‐225, 0)  (21.94, ‐∞, 3.068559)  
1  1  0  4.744  (22, 134)  (‐22, 134)  (21.94, 4.87, 71.40576)  
1  1  1  4.58  (42, 134)  (‐42, 134)  (21.94, 4.87, 17.076807)  
1  1  2  4.269  (69, 135)  (‐69, 135)  (21.94, 4.87, 9.698056)  
1  1  3  3.891  (98, 137)  (‐98, 137)  (21.94, 4.87, 6.771951)  
1  1  4  3.51  (128, 140)  (‐128, 140)  (21.94, 4.87, 5.2023067)  
1  1  5  3.157  (160, 144)  (‐160, 144)  (21.94, 4.87, 4.223385)  
1  1  6  2.847  (194, 148)  (‐194, 148)  (21.94, 4.87, 3.5545268)  
2  0  0  10.486  (59, 0)  (‐59, 0)  (10.97, ‐∞, 35.70288)  
2  0  1  8.583  (73, 0)  (‐73, 0)  (10.97, ‐∞, 13.781047)  
2  0  2  6.738  (93, 0)  (‐93, 0)  (10.97, ‐∞, 8.5384035) 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2  0  3  5.388  (118, 0)  (‐118, 0)  (10.97, ‐∞, 6.1853476)  
2  0  4  4.435  (146, 0)  (‐146, 0)  (10.97, ‐∞, 4.849028)  
2  0  5  3.748  (176, 0)  (‐176, 0)  (10.97, ‐∞, 3.987537)  
2  0  6  3.235  (209, 0)  (‐209, 0)  (10.97, ‐∞, 3.3859756)  
2  0  7  2.842  (245, 0)  (‐245, 0)  (10.97, ‐∞, 2.9421253)  
2  1  0  4.417  (57, 135)  (‐57, 135)  (10.97, 4.87, 35.70288)  
2  1  1  4.236  (72, 136)  (‐72, 136)  (10.97, 4.87, 13.781047)  
2  1  2  3.947  (93, 137)  (‐93, 137)  (10.97, 4.87, 8.5384035)  
2  1  3  3.613  (119, 139)  (‐119, 139)  (10.97, 4.87, 6.1853476)  
2  1  4  3.279  (148, 142)  (‐148, 142)  (10.97, 4.87, 4.849028)  
2  1  5  2.97  (180, 146)  (‐180, 146)  (10.97, 4.87, 3.987537)  
3  0  0  6.991  (90, 0)  (‐90, 0)  (7.3133335, ‐∞, 23.801922)  
3  0  1  6.179  (102, 0)  (‐102, 0)  (7.3133335, ‐∞, 11.551625)  
3  0  2  5.279  (121, 0)  (‐121, 0)  (7.3133335, ‐∞, 7.6264625)  
3  0  3  4.492  (144, 0)  (‐144, 0)  (7.3133335, ‐∞, 5.692269)  
3  0  4  3.858  (170, 0)  (‐170, 0)  (7.3133335, ‐∞, 4.5406795)  
3  0  5  3.356  (200, 0)  (‐200, 0)  (7.3133335, ‐∞, 3.7766368)  
3  0  6  2.957  (233, 0)  (‐233, 0)  (7.3133335, ‐∞, 3.2326853)  
3  1  0  3.996  (90, 137)  (‐90, 137)  (7.3133335, 4.87, 23.801922)  
3  1  1  3.825  (103, 138)  (‐103, 138)  (7.3133335, 4.87, 11.551625)  
3  1  2  3.579  (122, 140)  (‐122, 140)  (7.3133335, 4.87, 7.6264625)  
3  1  3  3.302  (146, 142)  (‐146, 142)  (7.3133335, 4.87, 5.692269)  
3  1  4  3.024  (174, 146)  (‐174, 146)  (7.3133335, 4.87, 4.5406795)  
3  1  5  2.763  (205, 150)  (‐205, 150)  (7.3133335, 4.87, 3.7766368)  
4  0  0  5.243  (122, 0)  (‐122, 0)  (5.485, ‐∞, 17.85144)  
4  0  1  4.803  (134, 0)  (‐134, 0)  (5.485, ‐∞, 9.943089)  
4  0  2  4.291  (151, 0)  (‐151, 0)  (5.485, ‐∞, 6.8905234)  
4  0  3  3.801  (173, 0)  (‐173, 0)  (5.485, ‐∞, 5.272)  
4  0  4  3.369  (199, 0)  (‐199, 0)  (5.485, ‐∞, 4.2692018)  
4  0  5  3.002  (229, 0)  (‐229, 0)  (5.485, ‐∞, 3.586925)  
4  1  0  3.568  (123, 140)  (‐123, 140)  (5.485, 4.87, 17.85144)  
4  1  1  3.42  (136, 141)  (‐136, 141)  (5.485, 4.87, 9.943089)  
4  1  2  3.22  (154, 143)  (‐154, 143)  (5.485, 4.87, 6.8905234)  
4  1  3  2.996  (177, 146)  (‐177, 146)  (5.485, 4.87, 5.272)  
4  1  4  2.771  (204, 150)  (‐204, 150)  (5.485, 4.87, 4.2692018)  
5  0  0  4.194  (155, 0)  (‐155, 0)  (4.388, ‐∞, 14.281153)  
5  0  1  3.92  (167, 0)  (‐167, 0)  (4.388, ‐∞, 8.727767)  
5  0  2  3.598  (184, 0)  (‐184, 0)  (4.388, ‐∞, 6.2841177)  
5  0  3  3.272  (206, 0)  (‐206, 0)  (4.388, ‐∞, 4.909522)  
5  0  4  2.967  (232, 0)  (‐232, 0)  (4.388, ‐∞, 4.0283546)  
5  1  0  3.178  (158, 144)  (‐158, 144)  (4.388, 4.87, 14.281153) 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5  1  1  3.054  (171, 145)  (‐171, 145)  (4.388, 4.87, 8.727767)  
5  1  2  2.894  (189, 148)  (‐189, 148)  (4.388, 4.87, 6.2841177)  
6  0  0  3.495  (191, 0)  (‐191, 0)  (3.6566668, ‐∞, 11.900961)  
6  0  1  3.309  (203, 0)  (‐203, 0)  (3.6566668, ‐∞, 7.7771797)  
6  0  2  3.09  (221, 0)  (‐221, 0)  (3.6566668, ‐∞, 5.7758126)  
6  0  3  2.861  (243, 0)  (‐243, 0)  (3.6566668, ‐∞, 4.5936823)  
6  1  0  2.84  (195, 149)  (‐195, 149)  (3.6566668, 4.87, 11.900961)  
7  0  0  2.996  (229, 0)  (‐229, 0)  (3.1342857, ‐∞, 10.200824)  
7  0  1  2.862  (243, 0)  (‐243, 0)  (3.1342857, ‐∞, 7.013322)  
             
 
 








h  k  l  d‐
spacing  (ximageplate,yimageplate)  (ximageplate,yimageplate)  Coordinates  
0  0  1  37.55  (16, 0)  (‐16, 0)  (∞, ∞, 37.55)  
0  0  2  18.775  (33, 0)  (‐33, 0)  (∞, ∞, 18.775)  
0  0  3  12.517  (50, 0)  (‐50, 0)  (∞, ∞, 12.516666)  
0  0  4  9.387  (66, 0)  (‐66, 0)  (∞, ∞, 9.3875)  
0  0  5  7.51  (83, 0)  (‐83, 0)  (∞, ∞, 7.51)  
0  0  6  6.258  (101, 0)  (‐101, 0)  (∞, ∞, 6.258333)  
0  0  7  5.364  (119, 0)  (‐119, 0)  (∞, ∞, 5.364286)  
0  0  8  4.694   (137, 0)   (‐137, 0)   (∞, ∞, 4.69375)  
0  1  0  4.93   (0, 130)     (∞, 4.93, ‐∞)  
0  1  1  4.888   (0, 131)     (∞, 4.93, 37.55)  
0  1  2  4.768   (27, 132)   (‐27, 132)   (∞, 4.93, 18.775)  
0  1  3  4.587   (46, 133)   (‐46, 133)   (∞, 4.93, 12.516666)  
0  1  4  4.365   (65, 133)   (‐65, 133)   (∞, 4.93, 9.3875)  
0  1  5  4.121   (83, 135)   (‐83, 135)   (∞, 4.93, 7.51)  
0  1  6  3.873   (101, 136)   (‐101, 136)   (∞, 4.93, 6.258333)  
1  0  0  23.32   (26, 0)   (‐26, 0)   (23.32, ‐∞, ‐∞)  
1  0  1  19.811   (31, 0)   (‐31, 0)   (23.32, ‐∞, 37.55)  
1  0  2  14.624   (42, 0)   (‐42, 0)   (23.32, ‐∞, 18.775)  
1  0  3  11.029   (56, 0)   (‐56, 0)   (23.32, ‐∞, 12.516666)  
1  0  4  8.708   (72, 0)   (‐72, 0)   (23.32, ‐∞, 9.3875)  
1  0  5  7.148   (88, 0)   (‐88, 0)   (23.32, ‐∞, 7.51)  
1  0  6  6.044   (105, 0)   (‐105, 0)   (23.32, ‐∞, 6.258333)  
1  0  7  5.228   (122, 0)   (‐122, 0)   (23.32, ‐∞, 5.364286)  
1  1  0  4.823   (18, 132)   (‐18, 132)   (23.32, 4.93, ‐∞)  
1  1  1  4.784   (24, 132)   (‐24, 132)   (23.32, 4.93, 37.55)  
1  1  2  4.672   (38, 132)   (‐38, 132)   (23.32, 4.93, 18.775)  
1  1  3  4.501   (54, 133)   (‐54, 133)   (23.32, 4.93, 12.516666)  
1  1  4  4.29   (70, 134)   (‐70, 134)   (23.32, 4.93, 9.3875)  
1  1  5  4.058   (88, 135)   (‐88, 135)   (23.32, 4.93, 7.51)  
1  1  6  3.82   (105, 136)   (‐105, 136)   (23.32, 4.93, 6.258333)  
2  0  0  11.66   (53, 0)   (‐53, 0)   (11.66, ‐∞, ‐∞)  
2  0  1  11.135   (56, 0)   (‐56, 0)   (11.66, ‐∞, 37.55) 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2  0  2  9.905   (63, 0)   (‐63, 0)   (11.66, ‐∞, 18.775)  
2  0  3  8.532   (73, 0)   (‐73, 0)   (11.66, ‐∞, 12.516666)  
2  0  4  7.312   (86, 0)   (‐86, 0)   (11.66, ‐∞, 9.3875)  
2  0  5  6.314   (100, 0)   (‐100, 0)   (11.66, ‐∞, 7.51)  
2  0  6  5.514   (115, 0)   (‐115, 0)   (11.66, ‐∞, 6.258333)  
2  0  7  4.873   (132, 0)   (‐132, 0)   (11.66, ‐∞, 5.364286)  
2  1  0  4.541   (51, 133)   (‐51, 133)   (11.66, 4.93, ‐∞)  
2  1  1  4.508   (53, 133)   (‐53, 133)   (11.66, 4.93, 37.55)  
2  1  2  4.414   (61, 133)   (‐61, 133)   (11.66, 4.93, 18.775)  
2  1  3  4.269   (72, 134)   (‐72, 134)   (11.66, 4.93, 12.516666)  
2  1  4  4.088   (85, 135)   (‐85, 135)   (11.66, 4.93, 9.3875)  
2  1  5  3.886   (100, 136)   (‐100, 136)   (11.66, 4.93, 7.51)  
3  0  0  7.773   (81, 0)   (‐81, 0)   (7.7733335, ‐∞, ‐∞)  
3  0  1  7.612   (82, 0)   (‐82, 0)   (7.7733335, ‐∞, 37.55)  
3  0  2  7.182   (87, 0)   (‐87, 0)   (7.7733335, ‐∞, 18.775)  
3  0  3  6.604   (95, 0)   (‐95, 0)   (7.7733335, ‐∞, 12.516666)  
3  0  4  5.987   (106, 0)   (‐106, 0)   (7.7733335, ‐∞, 9.3875)  
3  0  5  5.401   (118, 0)   (‐118, 0)   (7.7733335, ‐∞, 7.51)  
3  0  6  4.875   (132, 0)   (‐132, 0)   (7.7733335, ‐∞, 6.258333)  
3  1  0  4.163   (80, 134)   (‐80, 134)   (7.7733335, 4.93, ‐∞)  
3  1  1  4.138   (82, 134)   (‐82, 134)   (7.7733335, 4.93, 37.55)  




3  1  4  3.806   (106, 136)   (‐106, 136)   (7.7733335, 4.93, 9.3875)  
3  1  5  3.641   (119, 137)   (‐119, 137)   (7.7733335, 4.93, 7.51)  
4  0  0  5.83   (109, 0)   (‐109, 0)   (5.83, ‐∞, ‐∞)  
4  0  1  5.761   (110, 0)   (‐110, 0)   (5.83, ‐∞, 37.55)  
4  0  2  5.568   (114, 0)   (‐114, 0)   (5.83, ‐∞, 18.775)  
4  0  3  5.285   (121, 0)   (‐121, 0)   (5.83, ‐∞, 12.516666)  
4  0  4  4.953   (129, 0)   (‐129, 0)   (5.83, ‐∞, 9.3875)  
4  0  5  4.605   (140, 0)   (‐140, 0)   (5.83, ‐∞, 7.51)  
4  1  0  3.764   (110, 137)   (‐110, 137)   (5.83, 4.93, ‐∞)  
4  1  1  3.746   (111, 137)   (‐111, 137)   (5.83, 4.93, 37.55)  
4  1  2  3.691   (115, 137)   (‐115, 137)   (5.83, 4.93, 18.775)  
4  1  3  3.605   (122, 138)   (‐122, 138)   (5.83, 4.93, 12.516666)  
4  1  4  3.494   (131, 139)   (‐131, 139)   (5.83, 4.93, 9.3875)  
5  0  0  4.664   (138, 0)   (‐138, 0)   (4.664, ‐∞, ‐∞)  
5  0  1  4.628   (139, 0)   (‐139, 0)   (4.664, ‐∞, 37.55)  
5  0  2  4.526   (143, 0)   (‐143, 0)   (4.664, ‐∞, 18.775)  
5  0  3  4.37   (148, 0)   (‐148, 0)   (4.664, ‐∞, 12.516666)  
5  0  4  4.177   (156, 0)   (‐156, 0)   (4.664, ‐∞, 9.3875) 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5  1  0  3.388   (140, 140)   (‐140, 140)   (4.664, 4.93, ‐∞)  
5  1  1  3.374   (141, 140)   (‐141, 140)   (4.664, 4.93, 37.55)  
5  1  2  3.334   (145, 140)   (‐145, 140)   (4.664, 4.93, 18.775)  
6  0  0  3.887   (169, 0)   (‐169, 0)   (3.8866668, ‐∞, ‐∞)  
6  0  1  3.866   (170, 0)   (‐170, 0)   (3.8866668, ‐∞, 37.55)  
6  0  2  3.806   (173, 0)   (‐173, 0)   (3.8866668, ‐∞, 18.775)  
6  0  3  3.712   (178, 0)   (‐178, 0)   (3.8866668, ‐∞, 12.516666)  
6  1  0  3.052   (172, 143)   (‐172, 143)   (3.8866668, 4.93, ‐∞)  
7  0  0  3.331   (202, 0)   (‐202, 0)   (3.3314285, ‐∞, ‐∞)  
7  0  1  3.318   (203, 0)   (‐203, 0)   (3.3314285, ‐∞, 37.55)  
 
 





Resolution (Å)  h  k  l 
Predicted 
Resolution (Å) 
21.1  0  1  0  21.797377 
15.63  0  0  2  15.526486 
11.17  0  2  0  10.898688 
8.77  0  2  2  8.920408 
7.09  0  3  1  7.0747137 
6.36  0  2  4  6.3231144 
5.45  0  4  0  5.449344 






Resolution (Å)  h  k  l 
Predicted 
Resolution (Å) 
22.2 0 0 2 23.96094 
10.7 0 2 0 10.800426 
8.99 0 2 3 8.94724 
7.15 0 3 1 7.1203604 





Resolution (Å)  h  k  l 
Predicted 
Resolution (Å) 
19.36 0 0 2 19.463964 
9.46 0 2 0 9.173728 
6.72 0 2 4 6.6754403 
5.16 0 3 4 5.178218 





Resolution (Å)  h  k  l 
Predicted 
Resolution (Å) 
26.57 0 0 2 25.85589 
10.51 0 2 0 10.631978 
9.8 0 2 2 9.833107 
9.3 0 1 5 9.3006 
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Miller Indices Measured 
Resolution (Å)  h  k  l 
Predicted 
Resolution (Å) 
25.38 0 0 2 25.05971 
21.0 0 1 1 20.75244 
11.18 0 2 0 11.399312 
9.5 0 2 3 9.416183 
7.83 0 1 6 7.8433514 






Resolution (Å)  H  k  l 
Predicted 
Resolution (Å) 
26.02 0 0 2 26.65193 
22.38 0 1 0 21.934841 
13.32 0 0 4 13.325965 
11.06 0 2 0 10.967421 
9.68 0 1 5 9.588299 
9.4 0 2 3 9.33268 
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Figure  7.2.  Diffraction  patterns  of  some  KFFEAAAKKFFE  variants.  a)  Capped  peptide  in
water, b) K8A in water, c) K8A in PBS, d) K8AK9A in water, e) K9A in water, f) K1A in water,
g)  K8RK9R  in  PBS,  h)  K9R  in  PBS  i)  K1RK8R  in  PBS  j)  K1RK9R  in  PBS.  All  peptide
concentrations were 5 mg/ml apart from the capped peptide, which was set up at 10 mg/ml.


















































































330 Biophysical Journal Volume 98 January 2010 330–338Characterizing the Assembly of the Sup35 Yeast Prion Fragment,
GNNQQNY: Structural Changes Accompany a Fiber-to-Crystal SwitchKaren E. Marshall,† Matthew R. Hicks,‡§ Thomas L. Williams,† Søren Vrønning Hoffmann,{ Alison Rodger,‡
Timothy R. Dafforn,§ and Louise C. Serpell†*
†Department of Biochemistry, School of Life Sciences, University of Sussex, Falmer, BN1 9QG United Kingdom; ‡Department of Chemistry,
University of Warwick, Coventry, CV4 7AL United Kingdom; §School of Biosciences, University of Birmingham, Birmingham,
B15 2TT United Kingdom; and {Institute for Storage Ring Facilities, Aarhus University, Aarhus, DK-8000 DenmarkABSTRACT Amyloid-like ﬁbrils can be formed by many different proteins and peptides. The structural characteristics of these
ﬁbers are very similar to those of amyloid ﬁbrils that are deposited in a number of protein misfolding diseases, including
Alzheimer’s disease and the transmissible spongiform encephalopathies. The elucidation of two crystal structures from an
amyloid-like ﬁbril-forming fragment of the yeast prion, Sup35, with sequence GNNQQNY, has contributed to knowledge
regarding side-chain packing of amyloid-forming peptides. Both structures share a cross-b steric zipper arrangement but vary
in the packing of the peptide, particularly in terms of the tyrosine residue. We investigated the ﬁbrillar and crystalline structure
and assembly of the GNNQQNY peptide using x-ray ﬁber diffraction, electron microscopy, intrinsic and quenched tyrosine ﬂuo-
rescence, and linear dichroism. Electron micrographs reveal that at concentrations between 0.5 and 10 mg/mL, ﬁbers form
initially, followed by crystals. Fluorescence studies suggest that the environment of the tyrosine residue changes as crystals
form. This is corroborated by linear dichroism experiments that indicate a change in the orientation of the tyrosine residue
over time, which suggests that a structural rearrangement occurs as the crystals form. Experimental x-ray diffraction patterns
from ﬁbers and crystals also suggest that these species are structurally distinct. A comparison of experimental and calculated
diffraction patterns contributes to an understanding of the different arrangements accessed by the peptide.INTRODUCTIONMany diseases, including Alzheimer’s disease and the trans-
missible spongiform encephalopathies, involve the deposi-
tion of normally soluble protein in the form of amyloid
fibrils, and this process is thought to be a key factor in their
pathology (1). Amyloid is defined by a variety of criteria,
including staining by the dye Congo Red and a long,
unbranched appearance when viewed by electron micros-
copy (EM). There is strong evidence that amyloid has a struc-
ture known as cross-b (first observed in the egg stalk of the
lacewing Chrysopa (2)), which shows characteristic reflec-
tions at 4.7 A˚ and 10–11 A˚ in x-ray fiber diffraction patterns
arising from the hydrogen bonding between b-strands and
the spacing between b-sheets, respectively (3,4). This char-
acteristic cross-b pattern is also used as a diagnostic tool to
identify amyloid fibrils (5). To understand how proteins mis-
fold and assemble to form these well-ordered fibers, and to
gain insight into how they may cause disease, detailed struc-
tural knowledge is required. To date, crystallization of full-
length amyloid-forming peptides and proteins related to
disease has not been possible, so structural information has
been obtained by other methods, including solid-state
NMR (6), cryo-EM (7–9), atomic force microscopy (10),
and x-ray fiber diffraction (11). Recent advances have also
been made using model systems comprised of short synthetic
peptides, often fragments from proteins associated withSubmitted August 12, 2009, and accepted for publication October 15, 2009.
*Correspondence: L.C.Serpell@sussex.ac.uk
Editor: Kathleen B. Hall.
 2010 by the Biophysical Society
0006-3495/10/01/0330/9 $2.00disease (11,12). The structures of short peptides (%7 amino
acids) that form amyloid fibers and microcrystals were
recently solved by x-ray crystallography, and these struc-
tures share a ‘‘steric zipper’’ arrangement (13,14). The accu-
mulation of these data has led to the definition of eight
different classes of steric zipper that depend on the orienta-
tion of b-strands and b-sheets in relation to one another
(14). One of these, the seven-residue peptide GNNQQNY,
is a motif from the N-terminus of the yeast prion-like protein,
Sup35. The role of Sup35 in its native state is to terminate
translation in yeast, but it has also shown the ability to trans-
mit its alternative conformation and take part in prion-like
activity (15). GNNQQNY was previously shown to exhibit
amyloid-forming properties similar to those of the full-length
peptide (15), and, depending on the concentration and incu-
bation time, this peptide can form both fibrils and microcrys-
tals. However, the methods used to achieve these different
species vary, and heterogeneous solutions are often produced
(13,15–17). The concentrations required to form fibrils in
particular vary greatly, and their presence has been reported
at concentrations as low as 0.3 mg/mL (13). Conversely,
Diaz-Avalos et al. (16) reported that neither fibers nor crys-
tals form at %5 mg/mL, even after prolonged periods, and
that much higher concentrations are required (>20 mg/mL)
to form fibers, in agreement with other groups (17). Initial
studies using a concentration of 10 mg/mL produced crystals
that were subjected to powder and electron diffraction
(15,16). Further work produced larger crystals that were
of sufficient size for structure determination by x-raydoi: 10.1016/j.bpj.2009.10.020
Fiber-to-Crystal Switch 331crystallography. Two crystal structures have been solved that
both contain pairs of parallel b-sheets with side chains inter-
digitating in an anhydrous steric zipper (13,14). However,
the two structures differ considerably in the packing of the
peptide, crystallizing in monoclinic (1yjp.pdb) (13) or ortho-
rhombic (2omm.pdb) (14) forms (see Fig. S1 in the Support-
ing Material). Solid-state NMR measurements carried out on
the two different crystal forms corroborate previous findings
that the two forms are similar and share a cross-b arrange-
ment, with the main differences being in the environment
of the tyrosine residue (17). In the monoclinic form, the
side chain appears to be immobile and responsible for stabi-
lizing the interaction between pairs of sheets across the wet
interface via p-p interactions, whereas in the orthorhombic
form it has no such role (17). Furthermore, solid-state
NMR experiments on fibrillar forms of GNNQQNY show
similarities to the orthorhombic form of the crystals, suggest-
ing that the mobile tyrosine residue is responsible for poly-
morphisms within fibrillar structures (17).
The importance of aromatic interactions in amyloid for-
mation was discussed previously (18), which would imply
that the tyrosine residue of GNNQQNY is important for fibril
formation and/or the overall stability of the fiber. Nelson
et al. (13) suggested that fibril formation proceeds initially
by the formation of a nucleus consisting of b-sheets held
together by side-chain interactions. The stability of such
a nucleus has been verified by molecular-dynamics simula-
tions on GNNQQNY (19), indicating that interactions in
the steric zipper by even a limited number of b-strands
may be responsible for the overall stability of the fiber
(19). It is conceivable that alternative structures could arise
from different bonding patterns between side chains, as evi-
denced by the two crystal forms (13,14,20). It is unclear at
present whether either or any of these crystal structures truly
represent the structure of the fibril, or whether it takes on
some entirely different arrangement.
Most of the work on GNNQQNY to date has focused on
structural characterization of the end-point species formed
after fibrillization and crystallization, and has uncovered
variations in morphology. In this work we investigated the
actual assembly process using a number of biophysical tech-
niques to gain insight into the pathways by which fibers
and crystals form. The role of the tyrosine residue in driving
fibril or crystal formation is of particular interest. Measure-
ment of intrinsic and quenched tyrosine fluorescence can
provide information regarding the environment of the tyro-
sine residue, and was previously used to follow structural
changes that occur during amyloid fibril formation (21,22).
Similarly, circular dichroism (CD) is classically used to
obtain information on protein secondary structure and can
report on these changes as fibrillization proceeds, typically
from random coil or folded native structures to b-sheet-con-
taining species (23). However, it is known that aromatic resi-
dues can contribute significantly to CD spectra in both the
near- and far-UV regions (24,25). Furthermore, aromaticresidues in close proximity can undergo coupling of their
transitions and intensify these contributions, which can
complicate data interpretation. In this study, we used linear
dichroism (LD) to obtain information on both the secondary
structure and the orientation of chromophores within the
larger structure (see Rodger and Norde´n for an overview
(26)). This method can give information regarding the orien-
tation of the p-p* transitions in the peptide bond of b-sheet
structures that absorb light at ~195 nm. The sign of the LD
signal at this wavelength therefore identifies the orientation
of b-strands relative to a larger structure, in this case a peptide
fiber. In addition, it is also possible to determine the orienta-
tion of aromatic side chains within peptide fibers. Further-
more, the LD signal can be measured in real time to follow
the kinetic processes that occur during fiber formation, and
to identify changes in backbone and aromatic side-chain
orientation that occur during this process. Fiber diffraction
analysis of the different species that form over time can
also reveal how the morphology changes as assembly
proceeds.
Because the peptide GNNQQNY is one of the few amyloi-
dogenic peptides that have been characterized structurally by
x-ray crystallography, it provides an excellent model system
for further investigation into the process of fibrillization. In
this work, we investigate the assembly and accompanying
structural changes that occur in the formation of GNNQQNY
fibers and crystals. Fluorescence studies indicate that the
assembly process is accompanied by a change in the environ-
ment of the C-terminal tyrosine residue. This is correlated to
morphological changes observed by EM that indicate
a development of amyloid-like fibrils to larger crystalline
assemblies. LD indicates that the orientation of the tyrosine
residue is also altered with the assembly process. Finally,
x-ray fiber diffraction of fibers and crystals indicates struc-
tural differences between these two morphological forms,
and a comparison of the fiber patterns calculated from the
two crystal forms suggests that whereas the crystals are
consistent with the orthorhombic structure, the fibers may
represent an alternative packing arrangement.MATERIALS AND METHODS
Peptide synthesis and sample preparation
NH3þ-GNNQQNY-COO- was purchased from Pepceuticals (Biocity,
Nottingham, UK) at >97% purity. Stock solutions were made up in Milli-Q
(Millipore, Billerica, MA) 0.2 mm filtered water at concentrations of
2–3 mg/mL. The concentration was determined using a molar extinction
coefficient of 1490 M1 cm1 and by measuring absorbance at a wavelength
of 280 nm using an Eppendorf biophotometer (Eppendorf AG, Hamburg,
Germany).Electron microscopy
4 mL of solution were placed onto carbon-coated copper grids (Agar Scien-
tific, Essex, UK), blotted, and then negatively stained with 4 mL of 2%
uranyl acetate and blotted. The grid was allowed to air-dry before it wasBiophysical Journal 98(2) 330–338
332 Marshall et al.examined in a Hitachi 7100 microscope (Hitachi, Germany) fitted with
a Gatan Ultrascan 1000 CCD camera (Gatan, Abingdon, UK). Aliquots of
samples were taken at various time points for each experiment. Measure-
ments were made using ImageJ (27).
Tyrosine ﬂuorescence
Immediately after the addition of water to obtain a final peptide concentra-
tion of 3 mg/mL, the samples were centrifuged at 13,000 rpm for 5 min to
remove any preformed aggregates. Any pellet that formed was discarded.
The samples were placed in a quartz cuvette (Starna, Essex, UK) with a
1 cm pathlength, and the fluorescence from tyrosine was monitored at
various time points using a Varian Cary Eclipse fluorimeter (Varian, Oxford,
UK) with an excitation wavelength of 278 nm. Fluorescence intensities at
the peak of 305 nm were plotted against time. Excitation and emission slits
were set to 5 and 10 nm, respectively. The scan rate was set to 600 nm/min
with 1 nm data intervals and an averaging time of 0.1 s. Experiments were
carried out in triplicate to confirm trends.
Acrylamide quenching
Samples were prepared as for the tyrosine fluorescence experiments, with
identical fluorimeter settings. Quenching effects were observed on fibrils
(time 0) and crystals (168 h). At each time point, acrylamide was titrated
into the sample at increasing concentrations between 0.1 and 0.4 M, and
a fluorescence reading was taken. A reading was also taken with no acryl-
amide present. The data were fitted to the Stern-Volmer equation, which
is used to describe collisional quenching:
F0=F ¼ 1 þ KSV½Q;
where F0 is the fluorescence intensity in the absence of acrylamide, F is the
fluorescence intensity in the presence of acrylamide, Q is the concentration
of acrylamide, and KSV is the Stern-Volmer quenching constant (28). Linear
plots of F0/F against [Q] gave KSV values for fibrils and crystals; higher
values indicate that the tyrosine is more easily quenched and therefore
more solvent-accessible.
Linear dichroism
Peptide was preincubated for several weeks in water to enable the formation
of crystals at a concentration of 2 mg/mL and was diluted to 0.2 mg/mL.
Equilibrium LD measurements were performed on a Jasco J-815 spectropo-
larimeter (Great Dunmow, UK) from 350–180 nm with a bandwidth of
2 nm, scanning speed of 100 nm/min, response of 1 s, standard sensitivity,
and data pitch of 0.2 nm. Alignment of the samples was achieved using
a microvolume Couette cell with a rotation speed of 3000 rpm, which was
built in-house (equivalent models are available from Kromatek, Great Dun-
mow, UK). Eight spectra were averaged and a water baseline spectrum was
subtracted from this to account for the inherent LD signal of the system orig-
inating from the optics and the detector. LD spectra are reported in d absor-
bance units.
For kinetics experiments, LD spectroscopy was performed on freshly
solubilized peptide. The peptide was dissolved in water at a concentration
of 2 mg/mL. Alignment was induced by using a microvolume Couette
cell (Kromatek, Great Dunmow, UK) with a pathlength of 0.5 mm (29).
Experiments were carried out on the UV1 beamline at the Synchrotron Radi-
ation Facility ASTRID at the Institute for Storage Ring Facilities, Aarhus
University (Aarhus, Denmark) and on a Jasco J-815 spectropolarimeter.
ASTRID provided a much enhanced signal/noise ratio, which allowed the
rapid scanning required for kinetic measurements of samples that inherently
scatter light at low wavelengths, such as protein fibers. Spectra were
measured between 180 nm and 350 nm at 1 nm steps using the low-energy
grating of the UV1 beamline at a spectral resolution of ~1 nm. The beamline
was set up as described previously (30). Spectra were measured at a cell rota-
tion speed of 3000 rpm and a water baseline spectrum was subtracted fromBiophysical Journal 98(2) 330–338this to account for the inherent LD signal of the system originating from the
optics and the detector. Synchrotron radiation spectra are reported in the
output signal from the lock-in amplifier (in millivolts). In terms of d absor-
bance units, 1 mV is ~6  104 A˚.
X-ray ﬁber diffraction
A stock solution of peptide at 10 mg/mL was incubated at room temperature.
At various time points, aliquots were taken to check for the presence of
fibers, crystals, or a mixture of both using EM. For the samples containing
fibers and a mixture of crystals and fibers, 20 mL of solution were placed
between two wax-filled capillaries and allowed to air-dry at room tempera-
ture. Alternatively, the crystalline sample was placed into a siliconized
0.7 mm capillary tube, sealed with wax at one end, and allowed to dry
over a few weeks at room temperature. The resulting sample was a disk in
which the crystals were generally oriented across the capillary. The capillary
containing the dried disk was sealed at the top end. The fiber or disk sample
was placed on a goniometer head, and data were collected with the use of
a Rigaku (Sevenoaks, UK) rotating anode (CuKa) and Raxis IVþþ detector
(Sevenoaks, UK), with a specimen-to-film distance of 160 mm or 250 mm.
X-ray diffraction simulation from coordinates
Diffraction patterns were calculated from model coordinates from 1yjp.pdb
and 2omm.pdb using the published unit cell dimensions. This was done
using the fiber diffraction analysis program Clearer (31), which generates
fiber diffraction patterns from input structural coordinates, as previously
described (31,32). The fiber axis was assigned to be parallel to the
hydrogen-bonding direction of the coordinates, and the beam direction
was perpendicular. The calculated diffraction pattern took into account the
diffraction settings associated with the experimental data collection (spec-
imen-to-detector distance, pixel size) to allow direct comparison between
experimental and calculated diffraction patterns.RESULTS
EM reveals that GNNQQNY forms ﬁbers followed
by crystals
At all concentrations between 0.5 and 10 mg/mL, electron
micrographs show that immediately after dissolving in water,
the peptide GNNQQNY forms fibrils that eventually develop
to form crystalline assemblies, with very little or no fibrils
present (data are shown only for a 3 mg/mL sample). Even
at very low concentrations, some fibrillar material was
observed at time ‘‘zero’’ (despite the attempted removal of
preformed aggregates by centrifugation), although it was
much less abundant, and the crystals that formed at later
time points were generally smaller in width. The time it takes
for these transitions to occur varies depending on the con-
centration, but after several days, in all cases only crystals
were present. Fig. 1, a–e, shows electron micrographs of a
3 mg/mL sample of GNNQQNY at time 0, 3, 24, 72, and
192 h. At time 0 (Fig. 1 a) the fibrils show the long,
unbranching appearance characteristic of amyloid. Indi-
vidual fibrils are ~5–10 nm wide, and even at this stage there
appears to be some lateral association of fibrils into ribbons
of ~20–25 nm (denoted by * and shown in the inset of
Fig. 1). By 3 h (Fig. 1 b) the average width of the ribbons
increases to ~30–60 nm and there are far fewer smaller-width
fibrils. Much larger crystalline species (~150–350 nm wide)
af
b c d e
FIGURE 1 Changes in the morphology and tyrosine fluorescence of GNNQQNY over time. (a–e) EM images of GNNQQNY taken at various time points.
Scale bars are 200 nm in all images. (f) Increase in tyrosine fluorescence intensity at 305 nm over time. Circled data points correspond to EM images shown
in a–e.
Fiber-to-Crystal Switch 333are also present. At 24 h (Fig. 1 c) the average sizes are
uniform but there are fewer fibrils or ribbons in the back-
ground, and by 72 h (Fig. 1 d) the fibrillar material has dis-
appeared completely.
An increase in intrinsic tyrosine ﬂuorescence
correlates with the transition from ﬁbers
to crystals
Structural information obtained from previous crystallization
and solid-state NMR experiments (13,14,17) suggests that
tyrosine plays an important role in this assembly. We inves-
tigated this further using intrinsic fluorescence and quench-
ing experiments. A representative concentration of 3 mg/mL
was used to compare the morphological changes observed by
EM with any changes in tyrosine fluorescence, which would
indicate a change in the environment of the tyrosine residue.
Fig. 1 f shows that the tyrosine fluorescence increases over
time, with a lag phase up to 3 h, followed by an increase
in intensity up to ~72 h, at which point the fluorescenceintensity reaches a plateau. These changes correspond to the
initial formation of crystalline assemblies (3 h), the gradual
disappearance of fibrils up to 72 h (during which time the
tyrosine fluorescence increases), and finally the presence of
crystals only. At this point, there are no further changes in
fluorescence or hence in the environment of the tyrosine
residue. Other concentrations ranging from 0.5 to 10 mg/mL
were explored and showed a similar correlation between
intrinsic fluorescence and morphology (data not shown).
Tyrosine is more easily quenched and more
solvent-exposed in ﬁbers than in crystals
Various agents can be used to quench the fluorescence of
a fluorophore and give further information on the extent to
which that residue is accessible to solvent. Acrylamide was
used previously to quench tyrosine fluorescence (33,34),
and was used here to generate a Stern-Volmer plot (Fig. S2).
Ksv values were calculated as 13.6 5 0.6 M
1 for fibers
(present at time 0) and 10.45 0.1 M1 for crystals (presentBiophysical Journal 98(2) 330–338
a334 Marshall et al.at 168 h). Higher Ksv values suggest that tyrosine is more
readily quenched and is therefore more solvent-accessible
in fibers than in crystals, in agreement with the intrinsic fluo-
rescence data.b
c
FIGURE 2 (a) LD spectrum of mature G1 peptide sample at 0.2 mg/mL.
A strong p-p* transition at ~195 nm is consistent with the formation of
cross-b structure. There are aromatic signals at ~280 nm resulting from
ordered tyrosine side chains in the structure. (b) Kinetics of fiber/crystal
formation by G1 peptide at 2 mg/mL. Spectra were measured at 8 min inter-
vals. The inset shows the aromatic region plot on a log scale showing the
inversion of the aromatic signal at early time points. Units are in millivolts,
as explained in Materials and Methods. (c) Direction of the transitions that
give rise to the LD signals observed in the near-UV region for fibers and
crystals.LD supports a cross-b structure and reveals
a change in the orientation of the tyrosine residue
over time
LD has the potential to report directional information
regarding the orientation of the peptide backbone and the
side chains in both fiber and crystal states and as a function
of time. To examine the spectra arising from the backbone
orientation of the GNNQQNY peptide in crystals, we diluted
preincubated peptide 10-fold at a concentration of 2 mg/mL.
This was necessary to reduce the high absorbance and light
scattering at low wavelength that left insufficient light inten-
sity at the detector below ~215 nm (Fig. 2 a). The spectra
were taken while the solution was rotated in a Couette cell
so that the long axes of the crystals were oriented with the
direction of flow. These data show a dominant backbone
transition for the b-structure at ~195 nm (35) arising from
a transition dipole moment that is oriented perpendicular to
the b-strands. This is consistent with the cross-b structure
shown previously (35). The LD signal in the aromatic region
(Fig. 2 b) shows two maxima at 278 nm and 286 nm. This is
evidence of exciton coupling of the tyrosine residues, which
occurs when the tyrosines are in close proximity. The posi-
tive signals appearing at the same time, at ~230–240 nm,
are also consistent with exciton coupling of the tyrosine
residues (36).
LD was then used to examine the development of these
features during the fiber formation process. To allow direct
comparison with other kinetic data collected in this study,
the peptide was not diluted and rotated in a Couette cell to
induce alignment. This prevented LD data from being
recorded in the far-UV region (due to absorbance and light
scattering), so instead only the signals in the n-p* (very
low intensity for b-sheets) and aromatic regions were mea-
sured (>215 nm). In the kinetics experiment (Fig. 2 b), the
presence of an increasing LD signal over time means that
the fibers/crystals are growing and/or aligning more effec-
tively. The increased light scattering over time (as observed
by the increase in the baseline signal outside the wavelength
where there are absorbance bands (300–320 nm)) is indica-
tive of an increase in the size and/or number of the particles
in the sample, consistent with fiber and/or crystal growth.
The presence of an aromatic LD signal at ~280 nm indicates
that the tyrosine residues are ordered within the fibers and
crystals. The transitions for tyrosine are illustrated in Fig. 2
c. Furthermore, there is a change in the sign of the aromatic
LD signal over time (when the sloping baseline due to light
scattering is taken into consideration; Fig. 2 b, inset), indi-
cating that the tyrosine side chain changes its orientation
early in the kinetics process.Biophysical Journal 98(2) 330–338Experimental and calculated ﬁber diffraction
analyses of GNNQQNY ﬁbers and crystals imply
structural differences between ﬁbers and crystals
Diffraction patterns from partially aligned fibrils and crystal
preparations of GNNQQNY were collected and revealed the
expected cross-b patterns (Fig. 3) with a strong meridional
reflection at 4.7 A˚. Of interest, the three patterns collected
gave slightly different positions of equatorial diffraction
signals (Table 1) and had different reflections on the equator
(19 A˚ in the crystals, and 31.3 A˚ and 13.7 A˚ in the fibers),
FIGURE 3 Comparison of experimental and
simulated fiber diffraction patterns. Simulations
are shown in the bottom right-hand corner of each
image and were calculated to correspond to the
experimental diffraction settings. Fiber axis is
vertical. Crystalline, mixed fibers and crystals,
and fibrillar samples are compared with simulated
diffraction patterns from the crystal structure of
(a) 1yjp and (b) 2omm.
TABLE 2 Comparison of reﬂection positions measured from
Fiber-to-Crystal Switch 335suggesting that their internal architecture varies. Strong
reflections at ~10–11 A˚ on the equator often arise from the
sheet spacings, whereas the low-angle reflections are from
the chain length, or the width of the protofilaments. A
comparison between the signal positions from the three prep-
arations suggests that the positions of the reflections are
combined in the preparation known to contain a mixture of
both fibers and crystals.
To relate the GNNQQNY preparations with the published
crystal structure, we calculated the diffraction patterns from
the crystal structure coordinates, 1yjp and 2omm (Fig. S2).
These structures crystallize in different unit cells and space
groups (13,14), giving rise to different packing of the peptide
chains and environments of the tyrosine residue. The 1yjp
structure has a very wide separation of sheets at the wet inter-
face, with a spacing of ~15 A˚. The position of the meridional
reflections arising from the hydrogen bonding between
b-strands differs between the two structures (Table 2 and
Fig. S1) and the equatorial positions show clear differences
that are likely to arise from the different packing arrange-
ments. A close examination and comparison of the experi-TABLE 1 Comparison of reﬂection positions measured from
experimental diffraction patterns (only the most intense
reﬂections are shown)
Crystals Mixture Fibers





Meridional reflections (A˚) 4.75 4.72 4.75mental and calculated diffraction patterns (Fig. 3) shows
a reasonable match between the equatorials of the experi-
mental pattern from crystalline fibers and mixed preparations
with the calculated pattern from the 2omm structure
(Fig. 3 b). In the 1yjp pattern, the positions of the equatorial
reflections are not similar to experimental data. Of interest,
the equatorial reflections in the diffraction pattern from
fibrils do not match either calculated pattern well (in partic-
ular, the strong 13.7 A˚ reflection is missing in both), which
may indicate that fibers rearrange structurally to become
crystals, consistent with our other data.DISCUSSION
The relationship between the structures of crystals and
amyloid-like fibrils formed from the peptide GNNQQNY
has been studied previously (13–17), and it has been
proposed that the crystals share many structural similaritiesﬁber diffraction patterns calculated from monoclinic and
orthorhombic crystal coordinates (only the most intense
reﬂections are shown)
1yjp 2omm






Meridional reflection (A˚) 4.85
Meridional reflection (A˚) 4.75
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336 Marshall et al.with the fibrils (14). Here, we present data that suggest that
although there are some fundamental structural similarities
between fibers and crystals, there are also some important
differences. We probed the structural environment of the
tyrosine residue and found that the tyrosine exists in a
different conformation in the crystals compared to the fibers.
The assembly of crystals is preceded by fibril formation, and
the gradual disappearance of fibrillar material formed from
the peptide GNNQQNY, as well as the increasing width of
ribbons and crystals as observed by EM, could be explained
in two possible ways. The fibers may be laterally associating
in some manner to form the crystals, or, more likely, there
may be a separate pathway that leads to the formation of
crystals, possibly involving fragmentation or monomer dis-
sociation of the fibrils. In either case, it is possible that
some structural rearrangement is taking place as the crystals
form, and that this crystal form is the most stable arrange-
ment. This was the basis for our further investigations.
The comparatively lower intensity in tyrosine fluores-
cence observed for fibrils compared to crystals implies that
the tyrosine residues are significantly more solvent-exposed
in the fibrils, either because they are located on the surface
or because they are exposed to solvent present within the
structure. This result is corroborated by the Ksv values
obtained for fibers and crystals calculated from acrylamide
quenching experiments. The tyrosine residue is located at
the C-terminus, and therefore burial of the tyrosine as crys-
tals form might be expected. This is consistent with the
observed increase in fluorescence intensity accompanying
the observed morphological changes from narrow fibrils to
crystals. However, this change in solvent exposure does
not preclude the possibility that the tyrosine residues may
also be undergoing structural rearrangements as they partic-
ipate in these different species, or that their mobility may
drive the formation of polymorphisms in the fibrils. The
data from acrylamide quenching experiments can be fitted
to a straight line (see Fig. S2), consistent with simple colli-
sion quenching taking place.
From our EM results, we know that fibers are formed
immediately on dissolution of peptide with water, and we
can therefore assume that the LD signal at time 0 is specific
to fibrillar material. At the end of the LD experiment, crystals
are observed in electron micrographs, and the final LD signal
is different from that of the fibrillar material. The flow that the
peptide experiences in the Couette cell is likely responsible
for the crystals forming more quickly than in other experi-
ments (37). The change in the near-UV signal over time at
~280 nm can only be due to a change in the orientation of
the tyrosine residue: in the fibers it has one orientation with
respect to the fiber axis, whereas in crystals it has another.
The observed splitting of the 280 nm tyrosine peak
suggests coupling of the tyrosine residues, which would be
the case if they were in close proximity. This proximity
could arise either from stacking in the hydrogen-bonding
direction, or possibly from interactions between sheets.Biophysical Journal 98(2) 330–338The transition moment that gives rise to the signals at
~280 nm in tyrosine is illustrated in Fig. 2 c. Thus, in fibers
the tyrosine residue is oriented such that, on average, the
transition moment shown is pointing more perpendicular
than parallel to the fiber long axis. In crystals, the tyrosine
transition moment that absorbs at ~280 nm is oriented
more parallel to the crystal long axis, giving rise to a positive
LD signal in this region (Fig. 2 c). Given that for fibers and







where a is the angle between the fiber (or crystal axis) and
the 280 nm transition polarization, and S is the degree of
orientation, a positive signal means that the transition
moment is <54.7 from the alignment axis (fiber/crystal
long axis) and a negative signal means that this angle is
>54.7. It is important to note the sloping baseline that is
seen in these spectra is indicative of large structures scat-
tering the light. Thus, when we refer to a negative signal
in this context, we mean a signal that drops below this
sloping baseline. It is possible in some cases to correct for
this light scattering; however, when the particles that are
scattering the light are large (relative to the wavelength of
the light), the scattering becomes complex (Mie scattering),
and this process can introduce artifacts into the data. For
this reason, we did not process the data to correct for light
scattering.
Fiber diffraction analysis suggests that the packing of the
GNNQQNY peptides within the initially formed fibrils may
differ from the published crystal structures, and that rear-
rangements take place accompanying the conversion to crys-
tals. This could be a conversion from a possibly hydrated
wider sheet spacing in the fibrils to a steric zipper arrange-
ment with a dry interface in the crystals. This is seen in the
gradual change in the diffraction patterns from fibers, to
mixtures of crystals and fibers to the final crystals, and
from our other results that suggest that this rearrangement
may involve changes in the orientation of the tyrosine. It is
even conceivable from this and other work (18) that such
aromatic interactions may be a driving force for these
changes to take place. Aromatic residues feature in many
amyloid-forming proteins (e.g., FF pairs in Ab and serum
amyloid protein), and their presence may play an important
role in assembly and/or structural stability. In addition, our
analysis indicates that the crystals that form under the con-
ditions used here are consistent with the crystal structure rep-
resented by the orthorhombic crystal form (14) (Fig. 3 b and
Tables 1 and 2).CONCLUSIONS
Our results suggest that GNNQQNY initially forms fibers
and then crystals. The pathway by which this occurs is
Fiber-to-Crystal Switch 337unclear, but we propose that it is either by lateral associa-
tion of fibers or, more likely, by fragmentation of existing
fibers being replaced by crystal nuclei. In all concentrations
tested, we noted that the formation of crystals was favored
as time proceeded, indicating that crystals are the most
stable species. In this work, we used the fluorescent charac-
teristics of the tyrosine residue to monitor assembly. Tyro-
sine is more buried in fibers than in crystals, suggesting
a change in its environment between the two species. LD
and fiber diffraction data report that the two species are
structurally distinct in terms of both peptide chain packing
and the position of the tyrosine residue. LD enables the
tyrosine transition to be followed as a function of time,
and fiber diffraction analysis indicates that the fibrils
may be structurally different from either crystal structure,
whereas crystals show similarities to the orthorhombic
crystal structure for GNNQQNY. These results may suggest
the importance of aromatic interactions in the assembly of
fibrils and crystals, and their potential role in driving the
formation of different structural species. In addition, the
work presented here highlights the structural variations
that may exist between these species (i.e., fibers and crys-
tals), and the important implications these differences will
have in their characterization.SUPPORTING MATERIAL
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